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FOREWORD 


This  report  presents  the  results  of  the  2.75-inch  Folding  Fin  Aircraft 
Rocket  improvement  program  conducted  for  the  Air  Force  Rocket  Propulsion 
Laboratory  by  the  Aerojet-General  Corporation  at  Sacramento,  California,  under 
Contract  F04611-67-C-0114 .  The  program  was  administered  under  the  direction 
of  Captain  M.  P.  Konieczny,  RPMMA,  and  Hr.  Lee  Meyer,  RPMMA,  Project  Officers. 

The  Aerojet  program  managers  were  T.  Bowden  and  G.  Dolgonas .  The  work 
reported  herein  was  conducted  from  July  1967  through  October  1968.  This 
report  contains  no  classified  information  extracted  from  other  classified 
documents,  except  for  performance  parameters  quoted  from  the  contract  statement 
of  work.  The  Aerojet  report  number  assigned  to  this  document  for  local  identi¬ 
fication  is  3297-01F.  This  technical  report  has  been  reviewed  and  approved 
by  C.  R.  Cooke,  Chief, Solid  Rocket  Division,  Air  Force  Rocket  Propulsion 
Laboratory. 
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ABSTRACT 


Contract  F04611-67-C-0114  covers  the  design,  development,  testing  and  delivery 
of  an  improved  rocket  for  the  flechette  warhead.  Work  included  (1)  design, 
analysis,  and  component  tests;  (2)  development  tests;  (3)  Preliminary  Flight 
Rating  Tests;  and  (4)  delivery  of  improved  rocket  motors.  Analyses  included 
design  trade-off  studies,  aerodynamics  analysis,  and  manufacturing  optimization 
studies.  The  improved  design  was  successfully  demonstrated  through  the  prelimi¬ 
nary  flight  rating  tests  and  through  flight  tests,  both  ground- launched  and 
aircraft-launched.  Performance,  reliability,  and  accuracy  are  within  contract 
requirements . 

This  final  report  is  in  two  volumes.  Volume  I  contains  the  program  accomplish¬ 
ments  and  Volume  II  contains  the  Appendixes. 
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Report  AFRPL-TR-69-90 
I,  INTRODUCTION  AND  SUMMARY 

A.  INTRODUCTION 

This  final  report  is  submitted  by  Aerojet-General  Corporation  in 
partial  fulfillment  of  the  requirements  of  Contract  F04611-67-C-0114.  The 
objective  of  this  program  was  to  design,  fabricate,  and  demonstrate  an  improved 
2.75-in.  Folding  Fin  Aircraft  Rocket  (FFAR)  that  will  meet  the  performance 
requirements  for  a  flechette  warhead.  The  program  scope  included  rocket  design, 
aerodynamic  stability  analysis  and  wind  tunnel  testing,  propellant  adaptation, 
manufacturing,  motor  testing  through  PFRT,  and  delivery  of  580  units  to  the 
Air  Force. 


B,  SUMMARY 


The  improved  2.75-in.  FFAR  rocket  complies  with  the  performance 
requirements  shown  in  Exhibit  A  (amended)  of  the  contract.  The  design  criteria 
for  ease  of  manufacture  and  assembly,  simplicity,  overall  cost  effectiveness, 
and  maximum  utilization  of  existing  2.75-in.  FFAR  metal  parts  were  met. 

A  stability  and  control  analysis  was  conducted  and  the  analytical 
results  were  verified  in  wind  tunnel  tests  as  well  as  in  actual  flight  tests, 
both  from  the  ground  and  from  an  aircraft. 

Production  studies  were  conducted  to  optimize  manufacturing 
processes  for  quantities  of  units  ranging  from  100,000  to  600,000  per  month. 

A  propellant  tailoring  program  was  successfully  carried  out  to 
obtain  optimum  burning  rate,  processing  characteristics,  mechanical  and  ballis¬ 
tic  properties,  and  aging  stability.  Explosive  hazard  tests  verified  that  the 
propellant  is  DOT  Class  B. 
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I.B.  Summary  (cont) 

A  total  of  16  component  tests  were  made,  using  full-scale  motors, 
to  determine  igniter,  insulation,  grain  support,  and  nozzle  adequacy.  In 
addition,  propellant  arc  image  ignitability  tests  were  conducted  to  determine 
ignition  requirements,  and  a  total  of  66  igniter  tests  were  made  in  a  simu¬ 
lated  free-volume  chamber  to  investigate  igniter  performance. 

A  total  of  36  full-scale  development  firings  were  made  in  accord¬ 
ance  with  Exhibit  A  of  the  contract.  Tests  conducted  on  these  motors  included 
temperature  cycling,  vibration,  and  acceleration/spin  tests.  Exhibit  A  of  the 
contract  requires  testing  of  three  series  of  15  motors  each.  By  agreement  with 
the  Air  Force,  the  number  of  motors  in  series  2  and  3  was  reduced  to  11  and  6 
motors,  respectively.  In  addition,  four  other  development  motors  were  fired. 

A  45-motor  Preliminary  Flight  Rating  Test  program  was  successfully 
conducted  in  accordance  with  Exhibit  A  of  the  contract.  Of  the  45  motors, 

18  were  temperature  conditioned  only  firing  six  each  at  -65,  +70,  and  +150 °F. 
Twenty  of  the  45  motors  were  subjected  in  sequence  to  humidity,  temperature 
cycling,  vibration,  and  altitude  cycling  before  firing  nine  at  -65°F,  four  at 
+70°F,  and  seven  at  +150°F.  The  remaining  seven  motors  were  test  fired  as 
follows:  three  altitude  firings;  one  acceleration  firing;  one  acceleration 
firing  with  a  temperature  gradient  across  the  grain;  and  three  firings  with 
a  temperature  gradient  across  the  grain.  All  but  one  test  was  successful; 
this  partial  failure  may  have  been  due  in  part  to  improper  handling  or  to  a 
defect  in  the  manufacture  of  the  aft  closure. 

Forty-four  of  the  45  PFRT  motors  were  accepted  for  use  in  demon¬ 
strating  that  the  PFRT  motor  configuration  satisfied  the  requirement  of  95% 
reliability  at  a  confidence  level  of  90%.  These  motors  and  14  acceptable  R&D 
motors  of  the  PFRT  configuration,  together  with  five  flight  motors  that  were 
recovered,  inspected,  and  accepted  for  the  reliability  motor  count,  totaled 
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I .  B .  Summary  ( cont ) 

64  of  the  76  successful  firings  required  to  demonstrate  the  required  reliabi¬ 
lity  level.  This  quantity  of  motors  (76)  reflected  the  effect  of  the  one  fail¬ 
ure  on  the  number  of  motors  necessary  to  demonstrate  the  specified  reliability 
level.  The  remaining  12  motors  for  reliability  demonstration  were  later  accep¬ 
ted  from  the  56  motors  successfully  fired  for  acceptance  of  the  580  production 
deliveries.  The  latter  were  completed  in  October  1968  with  the  final  shipment 
of  52  motors  to  Eglin  Air  Force  Base  (EAFB) . 

II.  TECHNICAL  DISCUSSION 

A.  MOTOR  DESIGN  AND  DESCRIPTION 

1 .  General 


The  Improved  2.75-in.  Folding  Fin  Aircraft  Rocket  (FFAR) 
motor  is  shown  in  Figure  1  and  described  by  the  fabrication  drawings  which 
are  tabulated  in  Figure  2.  The  design  of  the  Improved  2. 75-in.  FFAR  motor 
complies  with  Exhibit  A  of  Contract  FO611-67-C-0114. 

The  basic  design  objectives  successfully  achieved  by  the 
Improved  2.75-in.  motor  include  (1)  maximum  usable  impulse  for  deployment 
of  the  flechette  warhead;  (2)  envelope  and  weight  limitations  of  the  existing 
unit  for  ready  motor  interchangeability;  (3)  maximum  use  of  metal  parts  from 
the  present  2.75-in.  motor  to  retain  existing  motor/missile/launcher/aircraft 
interfaces  for  simplified  logistics  as  well  as  to  provide  economy,  short 
development  time,  and  reduced  risk;  and  (4)  maximum  cost  effectiveness  for  the 
lowest  possible  production  unit  cost  consistent  with  the  specified  reliability 
of  0.95  at  a  9 07.  confidence  level. 
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Component  Description 


Part  No. 


Interface  Control  Envelope  -  2.75  FFAR 

Rocket  Motor  Assembly 

Lockwire  (GFM  Rework) 

0-Ring 

Igniter  and  Closure  Assembly 
Clip  Assembly 
Shunt  Wire 
Igniter  Assembly 

Squib,  MK  1,  Mod  1 
Chamber,  Igniter 
End  Plug,  Igniter 
Cap,  Insulator 
Initiator  Charge 
Disc 
Washer 

Fin  and  Closure  Assembly 
Cross  Head 
Contact  Disc 
Fin  Retainer 
0-Ring 
0-Ring 
Nut 

Pin,  Straight 

Fin,  Blade  (GFM  Rework) 

Closure  Assembly 

Plate,  Nozzle 

Sleeve 

Washer 

Insert,  Throat 
Weather  Seal 
Piston  Assy  &  Wire 
Wire 
Wire 
Sleeve 
Piston 

Piston 

Connector 

Chamber  and  Grain  Assembly 
Chamber,  Insulated 
Motor  Tube 
Insulator,  Released 
Insulator,  Fwd 

Masterline  Drawing  -  2.75  FFAR 


1146155 
1146668-1 
*1146898-1 
*1127114 
1146673-1 
1146031-1 
1146336-1 
1146693-1 
*656714 
1146095-1 
1146096-1 
1146370-1 
1146877-2 
1146876-1 
1146875-1 
1146678-1 
*456909 
*1253129 
*1253131 
*650950 
*650953 
**MS  21044-N3 
1146056-1 
*1146210-1 
1146639-4 
1146335-1 
1146365-1 
1146613-3 
1146659-19 
1146913-1 
1146916-1 
1146915-1 
*1146915-2 
1146917-1 
1146932-1 
*9220797 
*9220788 
1146759-1 
1146637-1 
*1569403 
1146636-1 
1146033-1 
1146103 


*  GFM 

**  Government  Standard  Part 


Improved  2.75-in.  FFAR  Rocket  Motor  Fabrication  Drawings 


Figure  2 
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II. A.  Motor  Design  and  Description  (cont) 

Other  requirements  in  Exhibit  A  that  were  successfully  met 
include  (1)  an  ignition  interval  within  0.100  sec;  (2)  absence  of  ejecta; 

(3)  satisfactory  safety  factor  based  on  empirical  data;  and  (4)  capability 
to  withstand  the  required  environmental  conditions,  either  singly  or  sequen¬ 
tially,  followed  by  successful  static  firing  over  the  required  temperature 
range  of  -65  to  +150°F. 

The  approach  used  in  developing  the  motor  was  to  meet  all 
performance  requirements  while  obtaining  the  required  reliability,  maximum 
producibility,  and  quality  at  the  lowest  possible  cost.  In  achieving  this 
overall  objective,  the  following  key  design  criteria  were  used: 

Maximum  structural  integrity  of  the  grain  through  the  use 
of  (1)  a  production  propellant  with  good  mechanical  properties  over  the  re¬ 
quired  temperature  range  and  age  life;  and  (2)  a  grain  design  and  support 
system  that  minimizes  thermally  induced  strains,  while  adequately  supporting 
the  grain. 


Minimum  propellant  cost  through  the  use  of  a  well-proven 
production  propellant,  which  minimizes  development  costs,  and  which  utilizes 
low  cost  materials  and  processing  procedures  for  minimum  production  costs. 

Simple  proven  ignition  system  components  to  ensure  reliable 
and  reproducible  ignition  at  minimum  development  and  production  costs. 

Nozzle  design  and  materials  that  provide  the  required  struc¬ 
tural  and  thermal  capabilities. 
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II. A.  Motor  Design  and  Description  (cont) 

The  Improved  2.75-in.  motor,  therefore,  features  design 
practices  and  materials  that  have  been  proven  capable  of  operating  satisfac¬ 
torily  under  the  required  environmental  conditions,  including  aerodynamic 
heating,  vibration,  and  the  high  and  low  temperature  conditions. 

Detailed  descriptions  of  the  major  motor  components  designed 
and  furnished  by  Aerojet-General,  their  performance  and  material  selection, 
are  presented  in  the  following  sections.  Also  included  are  discussions  of 
our  understanding  of  GFM  component  configuration,  present  status  of  the  com¬ 
ponent,  and  a  definition  of  any  changes  required  for  compatibility  with  the 
Aerojet  Improved  2.75-in.  FFAR  rocket  motor. 

Aerodynamic  analyses  were  previously  documented  in  the 
Stability  and  Control  Report,  Volumes  I  and  II,  and  are  included  in  this  report 
as  Appendix  A.  Included  in  this  report  are  discussions  of  the  results  of  the 
required  full-scale  wind  tunnel  tests. 

2,  Chamber  Insulation  System 

a.  Design  Description 

The  internal  insulation  of  the  Improved  2.75-in.  motor 
consists  of  a  premolded  git  ;s/phenolic  insulator  that  is  bonded  in  place  on 
the  forward  head  and  an  asbestos-fiber-filled  epoxy  insulation  (IBS-105-4X*) 
that  is  sprayed  and  spun  in  place  on  the  aft  end  of  the  chamber  ID-  To 
release  the  liner  from  the  forward  insulator,  the  internal  surface  of  the 
forward  insulator  is  coated  with  Silastic  587  RTV**  silicone  rubber  before 
installing  in  the  chamber  and  bonding  in  place  with  IBS-105-3*.  After  suit¬ 
able  cure  time  for  the  forward  insulator  bond  and  aft-end  insulation,  the 

*  IBS-105-3  and  IBS-105-4X,  Aerojet-General  Corporation,  Nimbus,  California 

**  Silastic  587  RTV,  Dow-Coming  Corporation,  Corning,  New  York 
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II. A.  Motor  Design  and  Description  (cont) 

entire  chamber  is  lined  with  IBS-105-3  which  is  sprayed,  spun,  and  cured  in 
place.  IBS-105-3  functions  as  liner/insulation  and,  except  where  released 
from  the  forward  head,  provides  a  continuous  bond  between  propellant  and 
insulation,  and  propellant  and  chamber. 

The  forward  insulator  has  a  nominal  thickness  of  0.060 
in.  with  the  exception  of  the  center  portion,  which  has  a  thickness  of  0.275 
in.  This  insulator  has  a  centrally-located  cone-shaped  cavity  for  centering 
the  forward  end  of  the  propellant  casting  core. 

Local  material  thickness  determinations  were  made  on 
the  basis  of  exposure  time  to  hot  gases  at  predicted  weight  flow  rates  and  the 
effect  of  spin  on  material  erosion  rates.  In  addition  to  predicted  erosion, 
sufficient  material  was  added  to  maintain  the  base  temperature  at  levels  that 
maintain  case  structural  integrity  during  powered  flight.  Subsequent  adjust¬ 
ments  in  material  thicknesses  were  made  on  the  basis  of  inspections  of  fired 
hardware , 


b.  Performance 

The  internal  insulation  described  above  is  required  to 
protect  the  motor  case  from  heat  effects  when  it  is  exposed  to  propellant 
combustion  gases  during  powered  flight.  The  selected  insulation  materials 
are  capable  of  withstanding  the  required  environmental  conditions  over  the 
operating  temperature  range  of  -65  to  +150 °F.  In  keeping  with  the  design 
philosophy  ...of  maximum  cost  effectiveness,  the  materials  are  suitable  for 
large  volume  production,  while  obtaining  the  design  reliability  goal  of  0.997. 


Page  6 

UNCLASSIFIED 


CONFIDENTIAL 


Report  AFRPL-TR-69-90 
II. A.  Motor  Design  and  Description  (cont) 

(U)  The  performance  of  the  selected  internal  insulation 

has  proven  satisfactory  in  recent  firings.  No  hot  spots  or  discoloration  of 
any  kind  were  observed  on  ttj§„ chambers .  Over  40  other  firings,  in  which  the 
motor  contained  the  above  forward  insulator  and  IBS-105-3  sidewall  liner,  but 
with  SRM  81-15*  as  aft-end  insulation,  were  conducted  without  any  evidence  of 

chamber  over-heating.  IBS-105-4X  was  adopted  for  its  better  erosion  resistance 

* 

and  lower  cost. 

(C)  A  thermal  analysis  was  conducted  to  evaluate  the  effects 

of  combined  internal  and  aerodynamic  heating  on  the  structural  integrity  of 
the  case.  The  analysis  shows  that,  under  the  most  severe  flight  environment 
(+150°F),  the  temperature  of  the  case  is  not  affected  by  internal  heat,  and 
that  the  case  wall  temperature  reaches  +340 °F  at  2.83  sec  (after  deployment 
of  the  warhead)  due  to  aerodynamic  heating.  At  that  time,  the  nominal  motor 
internal  pressure  has  decayed  86%,  while  the  strength  of  the  case  material 
(2014-T6  aluminum  alloy)  at  340®F  has  decreased  only  25%,  as  shown  in  Figure  3. 

(U)  The  +3-sigma  motor  pressure  for  a  +150°F  firing,  the 

temperature  of  the  case  material,  and  the  resulting  safety  factor  are  plotted 
versus  time  in  Figure  3.  It  can  be  seen  that,  despite  the  loss  in  strength 
by  the  aluminum,  the  safety  factor  increases  with  firing  time. 

c.  Material  Selection 

(U)  The  case  insulation  materials  were  selected  on  the  basis 

of  satisfactory  physical  and  mechanical  properties  over  the  temperature  range 
of  -65  to  +150 °F,  demonstrated  performance  under  the  required  motor  operating 
environments,  and  lowest  cost  at  high  volume  production. 


*  SRM  81-15,  Stoner  Rubber  Co.,  Orange,  Calif. 
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Figure  3 
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Insulation  Capability  to  Maintain  Chamber  Structural 
Integrity  under  +150°F  Flight  Environment  (u) 
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II. A.  Motor  Design  and  Description  (cont) 

The  forward  insulator  material,  chopped  glass  fabric 
and  phenolic  resin,  has  been  successfully  used  for  nozzle  entrance  sections  in 
other  programs.  It  can  be  injection  molded  and  cured  in  short  molding  cycles. 
Its  thermal  and  erosion  properties  are  more  than  adequate  for  the  low  gas-flow 
area  at  the  fore  end  of  the  2.75-in.  motor,  and  its  rigidity  in  the  design 
thickness  provides  suitable  ruggedness  to  allow  the  insulator  to  be  used  as 
a  positioning  device  for  the  casting  core. 

The  liner  selected  for  use  in  the  Improved  2.75-in. 
motor  is  designated  IBS-105-3  and  is  compatible  with  the  ANB-3241-2  propellant 
used  in  the  motor.  Tests  of  the  bond  strength  between  IBS-105-3  liner  and 
ANB-3241-2  propellant  at  -65  and  +77 6F  indicate  values  of  400  and  80  psi, 
respectively,  which  are  more  than  adequate  for  the  motor.  In  these  tests, 
the  characteristic  failure  mode  is  cohesive  in  the  propellant.  Since  IBS-105-3 
liner  and  ANB-3241-2  propellant  form  a  system,  a  more  detailed  discussion  of 
liner  properties  is  given  as  part  of  the  propellant  discussion  presented  in 
a  later  section  of  this  report. 

For  use  as  aft-end  insulation,  IBS-105-3  was  modified 
by  increasing  the  asbestos  content  for  improved  erosion  resistance  and  the 
carbon  black  content  was  decreased  to  maintain  flow  properties  for  spray  appli¬ 
cation.  The  modification  is  designated  IBS-105-4X.  In  PFRT  firings  of  Improved 
2. 75-in.  motors,  the  performance  of  IBS-105-4X  with  respect  to  erosion  resis¬ 
tance  was  better  than  the  previously  used  premolded  butyl-rubber  insulator  of 
SMR-81-15,  Additional  discussion  of  IBS-105-4X  can  be  found  in  a  later  sec¬ 
tion  of  this  report. 
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II. A.  Motor  Design  and  Description  (cont) 

Silastic  587-RTV  silicone  rubber  was  selected  for  use 
as  the  agent  to  release  the  liner  from  the  forward  insulator.  Prior  to  its 
adoption,  alternative  release  agents  were  evaluated  in  double  plate  tensile 
specimens  prepared  to  simulate  motor  conditions  (metal  plate,  release  agent, 
liner,  propellant,  adhesive,  metal  plate).  The  evaluation  criterion  was  the 
tensile  strength  required  to  separate  the  specimens  at  the  release  agent 
interface.  The  results,  shown  in  Figure  4,  indicate  that  RTV-587  has  the 
lowest  tensile  value  (5  psi). 

3.  Aft  Closure/Nozzle  Design 

a.  Design  Description 

The  af t-closure/nozzle  design  of  the  Improved  2.75-in. 

motor  consists  of  a  machined  mild-steel  closure,  four  Carb-I-Tex-700 ^  throat 

(2) 

inserts  with  consumable  Nylon  paper  expansion  washers,  a  molded  carbon/ 

(3) 

phenolic  (MXC-313)  closure  insulator  with  four  integral  exit  cones,  and 
four  mild-steel  exit  cone  sleeves.  The  aft-closure  insulator  and  four  exit 
cones  are  transfer  molded  as  one  piece  into  the  steel  closure  with  the  throat 
inserts,  washers,  and  exit  cone  sleeves  in  place.  This  technique  of  integ¬ 
rally  molding  all  aft-closure/nozzle  components  into  a  single  piece  in  one 
operation  enhances  reliability  and  reproducibility  at  a  substantial  cost 
savings,  as  compared  to  more  conventional  methods  of  fabrication  and  assembly. 


(1)  Carb-I-Tex-700,  Carborundum  Co.,  Pittsburgh,  Pa. 

(2)  Nomex  410,  Dupont  Corp.,  Wilmington,  Del. 

(3)  MXC-313,  Fit>erite  Corp.,  Winona,  Minn. 
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Release  Agent 


(1) (2) 


Tensile  Strength  Needed 
for  Release,  psi  at  +77°F 


Control  (no  release) 

Silastic  587-RTV 

RTV-60 

Teflon  Tape 
Polyethylene  Tape 

TC-522-1 


86 

5 

26 

21 

59 

69 


(3) 


(4) 


(1)  Test  specimens  consisted  of  steel  plate,  release,  IBS-105-3  liner, 
ANB-3241-2  propellant,  adhesive,  steel  plate 

(2)  All  samples  cured  24  hr  at  180°F  prior  to  casting  with  ANB-3241-2 
propellant 

(3)  Cohesive  failure  in  propellant 

(4)  Failure  between  propellant  and  adhesive  used  to  bond  to  steel 


Effect  of  Release  Agents  on  Bond  Strength  of 
Propellant/Liner  System  to  Metal 


Figure  4 
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II. A.  Motor  Design  and  Description  (cont) 

The  aft-closure  shell  is  similar  dimensionally  to  the 
present  production  component,  FTS  D-2016.  However,  the  Improved  2.75-in. 
shell  has  a  shallower  detent  groove,  and  the  fin- lug  corner  radii  are  cut  back 
adjacent  to  the  nozzles  to  allow  clearance  for  the  mold  used  in  molding  the 
insulator  into  the  shell. 

The  configurations  of  the  entrance  and  exit  sections  of 
each  nozzle  are  molded  into  the  aft-closure  insulator.  The  entrance  sections 
are  specifically  designed  to  promote  smooth  entry  of  the  gases  into  each 
throat,  thus  providing  minimum  insulator  erosion  and  maximum  motor  performance. 
The  Carb-I-Tex-700  throat  inserts  are  cylindrical  on  the  OD  with  a  conical  aft 
end  and  have  a  cylindrical  throat  diameter  of  0.271  in.,  extending  a  nominal 
axial  length  of  0.10  in.  The  cylindrical  throat  best  provides  ease  of  manu¬ 
facture,  dimensional  control,  and  minimum  throat  erosion  for  this  application 
when  compared  to  a  standard  radial  throat.  Each  insert  has  a  consumable  Nylon 
washer  at  the  fore  end  to  permit  longitudinal  thermal  expansion  during  firing, 
thereby  relieving  stresses  and  preventing  insert  cracking  and  possible  ejection. 

The  four  throats  are  equally  spaced  on  a  0.760-in.  radius 
around  the  closure  center  line.  This  placement  is  the  maximum  radial  position 
compatible  with  proper  operation  of  the  fins  and  the  GFM  launcher  detent  hook. 

In  this  design,  the  hook  determines  the  length  of  the  exit  cone  since  the  hook 
retains  the  missile  in  the  launch  tube  by  latching  into  a  groove  on  the  aft 
closure  and  extending  over  the  aft  end  of  one  of  the  exit  cones.  The  exit 
cones  have  a  11.5°  half  angle  and  an  expansion  ratio  of  8.6.  Their  exit  dia¬ 
meter  (0.797  in.)  is  limited  by  the  motor  envelope  and  the  requirement  for 
sufficient  wall  thickness  to  withstand  erosion. 
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II. A.  Motor  Design  and  Description  (eont) 

It  is  our  understanding  at  this  time  that  the  shape  of 
the  detent  hook  on  future  launchers  will  be  changed  to  accommodate  this  exit 
cone  design. 


The  aft  closure/nozzle  has  provisions  for  mounting  the 
fin  assembly,  fin  actuator  piston,  and  igniter  assembly.  The  resultant  aft- 
closure  assembly  is  attached  to  the  chamber  by  means  of  a  submerged  lockwire 
and  the  joint  is  sealed  by  an  0-ring  and  IBS-105-4X  insulation  used  as  a  pot¬ 
ting  compound.  This  insulation  provides  additional  protection  to  the  joint 
and  the  aft  insulator  from  the  erosive  effects  of  gas  flow  throughout  the 
firing  duration. 


b.  Performance 

The  integrally  molded  aft  closure  insulator  of  MXC-313 
maintains  shell  structural  integrity  as  evidenced  by  the  absence  of  hot  spots 
of  any  minor  discoloration  during  post-firing  inspections.  The  material  has 
successfully  undergone  over  40  other  full-scale  motor  firings.  In  these  fir¬ 
ings,  the  insulator  has  shown  an  average  erosion  rate  of  16  mils/sec  and  an 
average  char  depth  of  0.120  in.  immediately  forward  of  the  throat  insert. 
Figures  5  and  6  illustrate  typical  erosion  and  char  conditions  in  sectioned 
closures.  A  heat  transfer  analysis  shows  that  the  insulator  keeps  the  tem¬ 
perature  of  the  aft-closure  shell  well  within  the  required  300°F  for  adequate 
material  strength. 


During  the  first  11  test  firings  of  the  integrally 
molded  aft-closure,  cracking  and/or  ejection  of  the  ATJ  graphite  throat  in¬ 
serts  was  encountered.  Resolution  of  the  difficulty  was  accomplished  by  sub¬ 
stituting  Carb-I-Tex-700  as  the  throat  insert  material,  since  it  has  the 
higher  compressive  strengths  required  for  use  in  the  integrally  molded 
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Figure  5 
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Typical  Aft-Closure  Erosion  and  Char  Conditions 
after  -65°F  Firing 
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Figure  6 
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Typical  Aft-Closure  Erosion  and  Char  Conditions 
after  +150°F  Firing 
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II. A.  Motor  Design  and  Description  (cont) 

aft-closure  design,  as  discussed  in  the  following  section.  Based  on  recent 
firings  with  Carb-I-Tex-700  throat  inserts,  the  calculated  throat  erosion 
rate  is  18  mils/sec,  which  compares  favorably  with  the  15  mils /sec  recorded 
for  ATJ  graphite  inserts .  The  individual  Carb-I-Tex-700  throat  inserts  give 
estimated  throat  area  and  expansion  ratio  changes  with  time  as  shown  in  Figure 
7.  A  structural  analysis  of  the  Carb-I-Tex-700  inserts  is  presented  in 
Appendix  B. 


c.  Material  Selection 

(1)  Aft-Closure  Shell  or  Plate 

The  selected  material  for  this  component  is  free- 
machining,  low-carbon,  cold-drawn  steel  bar  stock,  1117,  which  is  the  same 
material  being  successfully  used  in  high  rate  production  for  the  present  2.75- 
in.  FFAR  motor.  The  steel  has  more  than  adequate  mechanical  properties  for 
this  application  as  shown  by  the  positive  margins  of  safety  in  the  inert  parts 
stress  analysis  in  Appendix  B.  This  steel  has  been  successfully  used  through¬ 
out  the  Aerojet  development  program  and  will  continue  to  be  used  because  it 
best  satisfies  the  requirements  for  adequate  strength,  machinability ,  and  low 
cost  in  high  rate  production. 

The  shell  is  cadmium  plated  in  accordance  with 
QQ-P-416;  Type  II,  Class  2,  to  provide  the  corrosion  resistance  required  for 
the  expected  environmental  conditions.  All  finished  surfaces  are  machined  in 
keeping  with  the  intended  function  and  cost  effectiveness.  In  addition,  all 
mating  surfaces  have  sufficient  tolerance  for  required  fits,  while  permitting 
low-cost  machining  techniques  and  minimum  inspection. 
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Time  from  Ignition,  sec 


Changes  in  Throat  Area  and  Expansion  Ratio  with  Carb-I-Tex  Throat  Insert 

Figure  7 
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II. A.  Motor  Design  and  Description  (cont) 

(2)  Aft-Closure  and  Exit  Cones 

The  aft-closure  insulation  and  exit  cone  material 
is  MXC-313,  an  ablative  carbon  fiber/phenolic  that  has  adequate  insulating 
and  erosive  properties  for  this  application,  as  well  as  the  physical  properties 
required  for  satisfactory  transfer  molding  at  the  desired  high  production  rates. 
The  MXC-313  material  has  successfully  maintained  aft-closure  integrity  by  with¬ 
standing  the  stringent  erosive  conditions  of  the  four-nozzle  configuration, 
while  providing  satisfactory  thermal  protection. 

(3)  Throat  Inserts 

Carb-I-Tex-700 ,  a  pyrolized  graphite  cloth  laminate, 
was  selected  for  use  as  the  throat  insert  material.  The  selection  was  largely 
based  on  its  high  compressive  strength  of  21,000  psi  across  the  laminate  grain, 
the  plane  in  which  the  highest  stresses  are  predicted  during  firing.  In  addi¬ 
tion,  it  can  readily  withstand  the  7000  psi  molding  pressure.  The  material  has 
a  tensile  strength  of  7600  psi  with  the  laminate  grain  and  500  psi  across  the 
laminate  grain.  The  physical  properties  of  the  material  are  shown  in  Figure  8 
and  a  structural  analysis  of  the  throat  inserts  is  given  as  part  of  Appendix  B. 

Selection  of  Carb-I-Tex-700  was  prompted  by  the 
cracking  and  ejection  of  ATJ  graphite  throat  inserts  that  were  used  in  the 
first  firings  of  the  integrally  molded  aft  closure/nozzle.  Results  of  sub¬ 
sequent  firings  with  Carb-I-Tex-700  throat  inserts  showed  that  its  high  strength 
and  inherent  toughness  eliminated  the  insert  cracking  difficulty  in  integrally 
molded  aft  closures. 
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Compressive  strength,  psi 

With  grain  9,500 

Against  grain  21,000 


Flexural  strength 
With  grain 
Against  grain 

Tesnsile  strength,  psi 
With  grain 
Against  grain 


Thermal  conductivity, 


3tu-f t 
hr-f t2-°F 


With  grain 
Against  grain 


Thermal  expansion,  _Vp  •* 

With  grain 
Against  grain 

Modulus  of  elasticity,  10^  pci 
With  grain 

3 

Density,  gr/cm 


10,300 

2,000 


9,000 

500 


35 

1A 


0.8 


3.0 


2.2 


1.A3 


Physical  Properties  of  Carb-I-Tex-700 


Figure  8 
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II. A.  Motor  Design  and  Description  (cont) 

(4)  Expansion  Washer 

The  material  selected  for  this  application  is 
Nomex  410  Nylon  paper  (0.20-in.  thick).  It  is  consumed  at  700°F  to  provide 
a  suitable  gap  for  longitudinal  thermal  expansion  of  the  throat  insert  during 
firing.  The  material  has  the  required  properties  to  withstand  the  molding 
temperature  of  320 °F  and  the  molding  pressure  of  7000  psi  which  results  in  a 
maximum  reduction  in  thickness  of  0.003  in. 

Nomex  410  is  a  combination  of  two  forms  of  a  long 
chain  synthetic  polymer,  fibrous  binder  particles  and  short  length  (1/4-in.) 
fibers.  After  processing  on  conventional  papermaking  equipment,  the  flbrlds 
and  short  length  fibers  are  permanently  bonded  to  each  other  by  a  hot  calender¬ 
ing  operation. 


4 .  Fins 


Four  fin  blades  spaced  90°  apart  are  used  to  provide  missile 
spin  and  stability.  The  fin  blades  are  made  of  2014-T6  aluminum  alloy,  which 
is  the  same  material  used  in  the  chamber.  The  fin  blades  utilize  the  same 
forged  part  as  the  standard  GFM  fin.  To  provide  the  required  clockwise  spin 
to  the  rocket,  the  fins  are  canted  0.11°  when  at  the  inflight  position  of  45° 
to  the  motor  centerline.  This  fin  cant  is  obtained  by  machining  the  mount¬ 
ing  faces  of  the  as-forged  fin  with  a  0°9'  angle  with  respect  to  the  fin  sym¬ 
metry  plane  and  drilling  the  fin  bore  perpendicular  to  the  mounting  faces. 

To  provide  the  fin  c«:ot,  tight  tolerances  are  imposed  on  the  fin  mounting 
face,  fin  bore,  fin  pin,  and  fin  mounting  lugs  on  the  nozzle  plate.  Clear¬ 
ance  between  the  retracted  fins  and  the  nozzle  assembly  is  ensured  by  main¬ 
taining  tight  tolerances  on  the  nozzle  components  and  nozzle  assembly,  together 
with  specifying  minimum  spacing  between  adjacent  nozzles.  These  close  toler¬ 
ances  enable  the  free  fin  to  maintain  a  maximum  angularity  of  +  1/8  of  1  degree. 
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II. A.  Motor  Design  and  Description  (cont) 

The  fin  cant  requirement  was  determined  by  aerodynamic  analysis, 
wind  tunnel  tests,  and  actual  flight  tests.  The  final  cant-angle  adjustment  may 
be  based  on  results  from  the  flight  test  program.  The  fins  must  rotate  freely 
and  fall  of  their  own  weight  when  positioned  60°  out  from  the  motor  centerline. 
The  fin  pins  must  remain  in  position  under  a  static  load  of  20  lb.  The  fin 
pins  are  retained  in  the  fin  blade  by  means  of  a  shrink  fit  at  assembly. 


Ignition  System 


a.  Design  Description 


The  Improved  2.75-in.  igniter  is  a  consumable,  aft-end 
mounted,  pellet  igniter  that  reproducible  and  reliably  ignites  the  motor  well 
within  the  required  0.100  sec.  The  igniter  assembly  consists  of  an  insulator 
cap,  aluminum-tube  chamber,  styrofoam  end  plug,  0.3-gm  BPN  IP-10  booster  charge, 
7-gm  BPN-2D  pellet  main  charge,  and  a  Mk  I  Mod  1  squib.  The  squib  firing  cir¬ 
cuit  utilizes  the  aft-closure  plate  as  a  ground  and  the  piston  wire  lead  as 
the  electrical  current  conductor  from  the  launcher. 


The  pyrotechnic  train  is  similar  to  that  of  larger 
igniters  in  that  the  squib  ignites  the  booster  charge  which  in  turn  ignites 
the  BPN  pellet  main  charge,  thereby  extruding  the  end  plug  and  allowing  the 
ignition  gases  to  ignite  the  propellant  grain.  During  igniter  action,  the 
igniter  end  plug  and  chamber  are  consumed,  thus  eliminating  igniter  debris. 

In  assembling  the  igniter,  the  Mk  I  Mod  1  squib  is  in¬ 
stalled  into  the  carbon/phenolic  insulator  cap.  The  squib  electrical  leads 
are  led  through  two  hole3  (180*  apart)  in  the  cap,  and  the  squib  and  its  leads 
are  then  potted  in  place  with  Epon  913.  The  empty  igniter  chamber  is  bonded 
to  the  insulator  cap  with  Epon  913.  The  booster  and  main  charges  are  then 
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II. A.  Motor  Design  and  Description  (cont) 

inserted  into  the  igniter  chamber,  the  end-plug  cemented  in  place  with  DC-92- 
018,  and  the  end  of  the  tube  crimped,  thus  completing  igniter  assembly. 

Prior  to  final  motor  assembly,  the  insulator  cap  of  the  igniter  assembly  is 
bonded  to  the  aft-closure  insulator,  the  squib  circuit  shunt  is  removed,  and 
the  squib  leads  are  crimped  to  the  appropriate  lead  of  the  piston  assembly, 
thus  completing  the  squib  circuit  for  external  application  of  the  firing 
current . 


b.  Igniter  Performance 

Figure  9  depicts  motor  ignition  transients  at  -65  and 
+70°F  when  ignited  with  the  igniter  described  above.  It  can  be  seen  that 
motor  ignition  occurs  well  within  the  required  0.100  sec  under  the  most  severe 
environmental  conditions  of  -65°F  and  50,000-ft  altitude. 

c.  Material  Selection 

The  insulator  cap  is  formed  from  MXC-313  molding  com¬ 
pound  because  it  has  the  required  strength  and  erosion  resistance  for  the 
application.  The  insulator  cap  has  provisions  for  mounting  the  squib,  a 
cavity  for  the  fin-actuating  piston  and  vise,  access  holes  for  the  ignition 
wire  assembly,  and  vent  holes  for  pressure  flow  to  the  piston. 

The  igniter  chamber  is  made  of  drawn  6061-T4  aluminum 
tubing  with  a  wall  thickness  of  0.008  in.  and  an  OD  of  0.625  in.  This  type 
chamber  was  chosen  because  it  offers  ease  of  igniter  manufacture  and  quality 
control,  provides  reproducible  igniter  performance  as  compared  to  other 
materials,  and  is  rapidly  consumed  during  the  ignition  transient,  thus  elimi¬ 
nating  ejecta. 
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II. A.  Motor  Design  and  Description  (cont) 

(U)  The  end  plug  is  made  of  rigid  polystyrene  foam  and  is 

bonded  into  the  igniter  chamber  to  retain  the  igniter  pyrotechnic  charges , 

(U)  The  electrical  clip,  used  to  connect  the  squib  and  aft- 

closure  ground  circuit,  is  made  of  copper  or  brass  sheet.  The  clip  is  tin¬ 
plated  to  provide  good  electrical  conductivity. 

(U)  BPN  was  selected  for  the  igniter  pyrotechnic  charges 

because  it  has  reliable  and  reproducible  ignition  characteristics  at  high 
altitudes  and  over  a  wide  temperature  range.  In  addition,  BPN  is  supported 
by  a  long  history  of  successful  use  in  the  rocket  industry. 

(U)  The  Mk  I  Mod  1  squib  is  retained  for  use  in  the  Improved 

2.75-in.  motor  to  maintain  commonality  with  the  present  unit.  It  meets  the 
requirement  for  a  maximum  firing  current  of  0.5  amp  per  round. 

6-  Grain  Design 

a.  Design  Description 

(U)  The  grain  design  of  the  Improved  2.75-in.  motor  is  an 

internal-burning  cylinder  (27.7  in.  long  and  0.750-in.  dia  bore).  The  grain 
is  fully  case-bonded  to  the  chamber  sidewall  and  is  released  from  the  forward 
head  to  provide  capability  of  withstanding  temperature-induced  stresses, 
especially  at  the  low  temperatures.  The  aft  end  of  the  grain  is  chamfered  on 
the  OD  to  accommodate  the  insulator  of  the  aft-closure  assembly  and  is  cham¬ 
fered  on  the  ID  to  provide  a  gas  flow  area  around  the  igniter  base  approximately 
equivalent  to  the  flow  area  upstream.  The  aft  end  of  the  grain  and  the  aft 
7.5  to  8.0  in.  of  the  bore  are  restricted  with  a  0.010-in. -maximum  thickness 
of  IBS-105-3  liner  to  minimize  the  initial  pressure  peak. 
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II. A.  Motor  Design  and  Description  (cont) 

(U)  This  grain  design  was  selected  because  (a)  it  best 

satisfies  the  overall  performance  requirements  within  the  specified  weight 
and  envelope  of  the  2.75-in.  motor;  (b)  it  provides  high  inherent  design 
simplicity  and  ruggedness  for  withstanding  the  specified  environmental  con¬ 
ditions  over  the  required  temperature  range,  and  (c)  it  is  readily  adaptable 
to  high-rate  production  techniques  for  the  lowest  possible  unit  production 
cost.  Early  in  the  program,  other  variations  of  this  basic  grain  design  were 
investigated  and  included  a  larger  bore,  a  partial  release  pattern,  opposing 
slots  on  the  aft  half  of  the  grain  for  neutrality,  or  a  combination  of  these 
approaches.  They  were  discarded  because  of  lower  performance  and/or  higher 
processing  costs. 


b.  Performance 

(1)  Interior  Ballistics 

(U)  A  slightly  regressive  pressure-time  curve  is  ob¬ 

tained  from  the  cylindrical  grain  because  its  inherent  progressivity  is  modi¬ 
fied  by  erosive  burning  in  the  early  portion  of  the  firing  and  by  nozzle 
erosion  throughout  the  firing.  The  progressive  thrust-time  curve  results 
from  the  nozzle  erosion.  Typical  pressure-  and  thrust-vs-time  curves  of  the 
2.75-in.  motor  at  -65,  +70,  and  +150°F  are  shown  in  Figures  10  and  11, 
respectively,  and  a  summary  of  motor  characteristics,  similar  in  content  and 
format  to  the  CPIA  Rocket  Motor  Manual,  is  shown  in  Figure  12, 

(C)  The  ballistic  performance  of  the  Improved  2.75-in. 

FFAR  motor  provides  the  usable  impulse  values  specified  in  the  technical 
requirements  of  Contract  Exhibit  A,  as  amended,  which  requires  that  the  accept¬ 
ability  of  motor  ballistic  performance  with  respect  to  missile  trajectory  per¬ 
formance  be  based  on  the  usable  impulse  of  the  motor  at  -65,  +70,  and  +150°F. 
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Principal  Data 


Length  (including  folded  fins) 

39.34  in. 

Diameter 

Principal 

2.75  in. 

Maximum 

2.79  in. 

Masses 

Motor  tube 

2.36  lbm 

Closure  assembly 

1.15  lbm 

Fin  assembly 

0.60  lbm 

Insulation  and  liner 

0.48  lbm 

Igniter  assembly 

0.02  lbm 

Lockwire  and  0-ring 

0.03  lbm 

Total  inert  masses 

4.46  lbm 

Propellant  masses 

8.05  lbm 

Total  mass 

12.69  lbm 

Propellant  mass  fraction 

0.63 

Nominal  Performance 

(Sea  Level) 

-65°F 

+70°F 

+150 °F 

Burn  time,  sec 

2.51 

2.25 

2.13 

Action  time,  sec 

3.33 

2.96 

2.79 

Maximum  pressure,  P^,  psia 

Ignition 

1697 

1879 

2047 

Steady  state 

1471 

1721 

1807 

Average  pressure,  P^,  burn  time,  psia 

1380 

1515 

1650 

Average  pressure,  P  ,  action  time,  psia 

8l 

1182 

1322 

1393 

Maximum  thrust,  F  ,  lbf 

774 

873 

922 

’  _max 

Average  thrust,  F^,  burn  time,  lbf 

624 

714 

762 

Average  thrust,  Fa,  action  time,  lbf 

572 

649 

693 

Action  time  impulse,  Ia,  lbf-sec 

1901 

1917 

1931 

Propellant  specific  impulse, 

I  ,,  lbf-sec/'lbm 

237.7 

240.0 

242.1 

spd 

Summary  of  Improved  2.75-in.  Motor  Characteristics  (u) 
Figure  12,  Sheet  1  of  3 
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Component  Details 


Propellant 

Designation 

Composition 

Burning  rate  at  1500  psia  and  70°F 
Burning  rate  pressure  exponent  (n) 
Grain  configuration 
Method  of  manufacture 
Grain  dimensions 
Length 
Diameter 
Web  thickness 

Initial  port/throat  area  ratio 

Case 

Material 

Length 

0D 

Thickness,  nominal 
Fabrication  method 
Hydrostatic  proof  pressure 

Nozzles 

Exit  cone  shape 
Throat  area,  At 
Expansion  ratio 
Insert  material 

Other  materials 


ANB-3241-2 
AP/PBAN/A L 
0.395  in. /sec 
0.32 

Cylindrical  bore 
Cast  in  case 

27.60  in. 

2.56  in. 

0.90  in. 

1.92 


Aluminum  alloy  2014-T6 
31.684  in. 

2.750  in. 

0.072  in. 

Impact  extrusion 
2000  psia 


11.5°  half  angle  cone 

0.230  in.2 

8.65 

Laminated,  fibrous  graphite, 
reinforced  (Carb-I-Tex-700) 

Carbon/phenolic,  integrally 
molded  exit  cone  liner  and 
closure  insulator;  mild  steel 
sleeve  OD  reinforcement 


Summary  of  Improved  2.75-in.  Motor  Characteristics  (u) 
Figure  12,  Sheet  2  of  3 
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Component  Details  (cont) 


Insulations 

Liner 

Composition 

Thickness 

Restriction 

Composition 

Location 

Head  end  insulation 
Composition 

Aft  chamber  insulation 
Composition 
Thickness 
Location 

Igniter 

Type 

Description 

Ignition  delay  time 

Igniter  resistance 

Min  current  for  reliable  ignition 


PBD  (IBS-105-3) 

0.020  in.  min 

PBD  (IBS-105-3) 

Aft  end  of  propellant  and 
aft  end  of  bore,  forward 
to  a  distance  of  9.03  in. 
from  aft  end  of  motor  case 


Glass  phenolic 
(Fiberite  4030-190  or 
Fiberite  8130) 

PBD  (IBS-105-4X) 

0.135  in. 

Starting  1.065  in.  from  aft 
end  of  case  extending  to  3.30 
in.  from  aft  end  of  case 

Boron  potassium  nitrate  (BPN) 
pellet  system 

Main  charge  consists  of  7.0  gm 
of  BPN  pellets  contained  in  an 
aluminum  tube;  pellets  ignited 
by  0.3  gm  of  BPN  powder,  heat 
is  ignited  by  a  MK  I,  Mod  I 
electric  squib 

100  msec  max 

1.35  ohms 

1.35  amps 


Summary  of  Improved  2.75-in.  Motor  Characteristics  (u) 


Figure  12,  Sheet  3  of  3 
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II. A.  Motor  Design  and  Description  (cont) 

Further,  usable  impulse  is  defined  as  that  delivered  by  the  motor  from  fire 
switch  to  the  time  at  which  tailoff  thrust  drops  to  430,  511  and  555  lbf  at 
the  temperatures  of  -65,  +70,  and  +150°F,  respectively.  These  three  thrust 
levels  are  calculated  on  the  basis  of  the  15-g  requirement  for  flechette  war¬ 
head  deployment,  launch  conditions  of  4000-ft  altitude  and  negative  30°  angle, 
launch  velocity  of  750  ft/sec,  nominal  inert  motor  weight,  and  drag  values 
from  the  Tullahoma  wind  tunnel  tests. 

(C)  The  following  table  lists  the  specified  minimum 

(-3  sigma)  usable  impulses  and  the  thrust  cutoff  levels  specified  for  the 
Improved  2.75-in.  FFAR  rocket  motors  fired  at  the  three  temperatures: 

Firing  Temperature,  °F  Thrust  Cutoff,  lbf  Usable  Impulse,  lbf-sec 

Minimum 


-65 

430 

1697 

+70 

511 

1706 

+150 

555 

1709 

The  3  sigma  variability  in  usable  impulse  was  obtained  from  the  root-sum- 
square  of  the  calculated  3  sigma  variability  in  propellant  weight  and  the 
3  sigma  variability  in  impulse  that  were  obtained  in  recent  development  fir¬ 
ings  and  adjusted  to  a  fixed  propellant  weight. 

(2)  Grain  Structural  Analysis 

(U)  A  structural  analysis  of  the  Improved  2.75-in. 

grain  in  Appendix  B  shows  that  the  design  has  the  capability  to  successfully 
withstand  the  following  stresses  and  strains  expected  to  be  imposed  by  the 
required  environmental  conditions:  grain  bore  strain  of  12.7JE  versus  an 
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II. A.  Motor  Design  and  Description  (cont) 

allowable  greater  than  12.7%  established  by  strain  cylinder  tests;  bond  shear 
stress  of  413  psi  versus  the  allowable  of  560  psi;  and  bond  tensile  stress 
of  32.7  psi  versus  the  allowable  of  92  psi.  This  predicted  performance  has 
been  verified  by  the  successful  PFRT  environmental  tests,  static  firings, 
and  flight  tests. 


(3)  Safety  Factor 

(U)  The  analyses  to  determine  the  safety  factors 

described  below  are  based  on  worst-on-worst  conditions  in  addition  to  the 
very  conservative  assumptions  made  throughout  the  computations  here  and  in 
Appendix  B. 

(C)  The  nominal  maximum  chamber  pressure  at  +150°F, 

exclusive  of  the  igniter  peak  pressure,  is  1740  psig,  based  on  three  firings 

at  +150°F  of  motors  from  three  propellant  batches.  The  motors  had  Carbitex 

2 

nozzle  throat  inserts  with  initial  total  throat  areas  of  0.230  in.  .  The 
3  sigma  variability  in  maximum  pressure  observed  in  these  three  firings  is 
4.65%.  MEOP  was  calculated  as: 


MEOP  »  (1740)  (1.0465)  -  1820  psig 


Since  the  calculated  minimum  burst  pressure  of  the  chamber  at  +150°F  is  2620 
psig  (Appendix  B) ,  the  safety  factor  is: 


SF 


2620 

1820 


1.44 


(C)  This  calculated  safety  factor  is  lower  than  the 

required  1.5  safety  factor  based  on  the  ultimate  strength  of  the  chamber. 
However,  empirical  hydroburst  data,  as  discussed  later,  indicates  that  the 
calculated  minimum  burst  pressure  of  2620  psi  may  well  be  too  conservative. 
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II. A.  Motor  Design  and  Description  (cont) 

(C)  Restriction  is  used  on  the  aft  end  of  the  pro¬ 

pellant  grain  bore  to  reduce  ignition  peak  pressure.  As  shown  in  Figure  13, 
six  motors  were  fired  with  varying  amounts  of  aft-end  bore  restriction  to 
determine  the  maximum  reduction  in  ignition  peak  pressure  that  can  be  obtained 
without  adversely  affecting  motor  ignition.  In  light  of  these  data,  it  was 
decided  to  set  the  length  of  bore  restriction  between  7.75  and  8.0  in.  for 
future  motors  in  order  to  best  provide  the  desired  overall  ignition  perform¬ 
ance,  together  with  ease  of  processing  and  control. 

(C)  Extrapolating  the  data  in  Figure  13  to  the  +150°F 

firing  condition,  the  mean  value  for  an  ignition  peak  pressure  with  the  8.0  in. 
bore  restriction  was  calculated  to  be  1927  psia  with  a  3-sigma  variability  of 
11.7%.  Thus,  a  maximum  ignition  peak  pressure  of  2150  psia  is  predicted  for 
the  maximum  bore  restriction  length  of  8.0  in.  and  a  maximum  ignition  peak 

pressure  of  2180  psia  is  estimated  for  the  minimum  bore  restriction  length  of 

7.75  in.  These  ignition  pressures  result  in  the  following  safety  factors: 

(8  in.)  SF  *  =  1.24 

(7,75  in.)  SF  =  f|||  =  1.20 


(U)  The  conservative  results  of  the  above  analyses  led 

to  an  investigation  to  determine  the  case  strength  level  as  indicated  by  avail¬ 
able  empirical  data  from  hydrostatic  burst  tests.  Data  from  Picatinny  Arsenal* 
shows  that  the  GFM  case  has  a  mean  hydroburst  pressure  of  3600  psi,  with  a  high 
of  3800  psi  and  a  low  of  3200  psi.  These  data  are  based  on  hydroburst  testing 
cases.  In  addition,  the  grain  specification  MIL-P-1881I  (NORD)  for  the  present 
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Figure  13 
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Comparison  of  Bore  Restriction  and  Ignition  Peak  Pressure  (u) 
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II. A.  Motor  Design  and  Description  (cont) 

Mk  A3  2.75-in.  motor  permits  a  maximum  operating  pressure  of  2400  psig  at 
+165°F*.  Finally,  previous  tests  conducted  at  the  Pico  Rivera  Military 
Plant  of  Norris  Industries**  indicate  burst  pressures  to  be  in  excess  of 
3500  psi. 

(U)  In  light  of  the  above  empirical  data  and  the  spec! 

fication  maximum  pressure,  Aerojet  believes  that  the  GFM  case  has  a  more-than- 
adequate  safety  factor  when  used  with  the  Improved  2.75-in.  propellant  grain. 

7.  Propellant  and  Liner 

a.  Description 

(U)  The  propellant  selection  for  the  Improved  2.75-in.  FFAR 

motor  is  ANB-3241-2,  a  polybutadiene-acrylic  acid-acrylonitrile  terpolymer 
(PBAN)  propellant.  This  propellant  is  highly  reproducible,  satisfies  the 
ballistic  and  mechanical  property  requirements  of  the  Improved  2.75-in.  motor, 
exhibits  good  high-temperature  stability,  and  possesses  processing  character¬ 
istics  suited  to  high-volume  production.  The  specification  for  ANB-3241-2 
propellant  is  AGC-36550.  Acceptance  specifications  are  available  for  all  pro¬ 
pellant  raw  materials.  The  composition  of  ANB-3241-2  is  shown  below  and  a 
summary  of  ballistic  properties  is  presented  in  Figure  14. 


*  Letter  to  SMUPA-ND9,  Act’g.  Ch,  2.75"  Rkt  Br.  from  Robert  Bradley,  Act'g  Ch 
Complete  Round  Section,  dated  15  July  1967. 

**  Aerojet-General  Corporation,  Attn:  S.  J.  Fine  from  Norris  Industries,  Pico 
Rivera  Military  Plant,  D.  R.  Keener,  dtd  9  October  1967. 
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Ballistic  Properties 

Standard  specific  impulse,  lbf-sec/lbm  at  1000  psia 


Theoretical  264* 

Measured,  ballistic  motor  247.2** 

Density,  lb/in. ^  0.0643 

Theoretical  chamber  flame  temperature  at  5895 

1000  psia,  P_,  °F  ' 

Theoretical  exhaust  flame  temperature  at  3558 

1000  psia,  F  ,  °F 

Burning  rate,  in. /sec  at  1500  psia  0.395 

Pressure  exponent  0.32 


Mechanical  Properties 


Temperature 

0  4 

m,  psi 

£m,  % 

Eb,  % 

Ert 

0,  psi 

-75°F 

687 

5 

6 

25,087 

+77°F 

71 

19 

22 

481 

+150°F 

36 

16 

22 

330 

*  Shifting  equilibrium 

**  Specific  impulse  measured  in  ballistic  (100-lb  grain)  motor  firings  con¬ 
ducted  on  a  precision  Aeroscience  test  stand  at  a  chamber  pressure  of 
1000  psia  exhausting  to  14.7  psia  through  a  nozzle  with  15-degree 
half-angle  and  optimum  expansion.  The  comparable  value  at  0-degree 
half-angle  is  251  lbf-sec/lbm. 

Ballistic  and  Mechanical  Properties  of  ANB-3241-2  (u) 


Figure  14 
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II. A.  Motor  Design  and  Description  (cont) 


Ingredient 

Wt,  % 

Ammonium  perchlorate 

71.00 

Aluminum  powder 

15.00 

Binder 

13,00 

TOTAL 

100.00 

PBAN  propellants  have  been  used  extensively  in  the  solid 
rocket  industry.  Aerojet  has  processed  and  successfully  fired  PBAN  propellants 
in  44-,  120-  (200.000-lb  grain),  and  260-in. -dia  (1,670,000-lb  grain)  motors. 
During  the  260-Motor  Program  alone,  over  5.5  million  lb  of  PBAN  propellants 
(ANB-3105  and  ANB-3254)  were  processed. 

b.  Reproducibility 

Excellent  reproducibility  of  burning  rate  and  mechanical 
properties  has  been  achieved  with  the  ANB-3241-2  propellant  for  the  Improved 
2.75-in.  motor.  These  desirable  characteristics  are  attributed  to  the  simpli¬ 
city  of  the  formulation  and  to  the  use  of  mixing  procedures  and  in-process 
control  tests  developed  and  demonstrated  for  PBAN  propellants  on  the  Air  Force 
and  NASA  260-in.  Motor  Programs.  The  reproducibility  of  the  propellant  in- 
process  acceptance  tests  for  seven  450-lb  vertical  mix  batches  is  shown  in 
Figure  15. 


(1)  Propellant  Burning  Rate 

The  burning  rate  required  for  the  Improved  2.75-in. 
motor  is  achieved  through  the  use  of  an  oxidizer  blend  containing  80  parts  +48 
mesh  and  20  parts  Mikroatomizer  ground  oxidizer  in  ANB-3241-2  propellant. 

Highly  reproducible  burning  rates  have  been  obtained  in  the  450-lb  vertical 
mix  batches  processed  for  the  Improved  2.75-in.  motor  as  shown  below. 
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_ Propellant  Component _  Acceptance  Limit  x  s  n 

Submit 


Acid  Equivalents,  eq/100  g 

0.0510  +  0.0015 

0.0509 

0.00046 

6 

H20,  wtZ 

0.20  max 

0.065 

0.0168 

6 

Premix 

Liquid  Density,  g/ml 

1.490  +  0.007 

1.489 

0.0008 

6 

Final  Fuel 

FeAA,  wt% 

4.56  +  0.15 

4.52 

0.14 

5 

Uncured  Propellant 

Liquid  Density,  g/ml 

1.783  +  0.007 

1.778 

0.0019 

6 

Epoxy  Content,  wt% 

1.05  +  0.12 

1.02 

0.033 

6 

ISRR  at  1500  psig,  in. /sec 

0.365  +0.010 

0.365 

0.0034 

6 

In-Process  Control  Tests  for  ANB-3241-2 
Propellant 

Figure  15 
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II. A.  Motor  Design  and  Description  (cont) 


x 

s 

n 


Burning  Rate  at  1500  psig,  +8Q°F,  in. /sec 
Liquid  Strand  Cured  Strand 


0.365 

0.0031 

9 


0.305 

0.0051 

8 


Liquid  strand  burning  rates  are  used  for  acceptance  of  each  propellant  batch. 
The  cured  strand  data  were  obtained  since  they  agree  closely  with  the  burning 
rate  observed  in  the  motor. 


(2)  Mechanical  Properties 

The  reproducibility  of  Mechanical  properties  that 
were  observed  in  the  450-lb  vertical  batch  mixes  processed  to  date  provides 
assurance  of  highly  reliable  motor  performance.  The  mechanical  properties  at 
+77°F  (2.0  in. /min  strain  rate)  of  five  450-lb  batches  cured  at  +135  °F  and 
one  450-lb  batch  cured  at  +110°F  are  summarized  below: 


Cure  Temp,  °F 

o  > 

m 

psi 

€ 

m, 

/ 

Eb, 

% 

E 

o, 

psi 

+135 

X 

63.4 

17.4 

25.8 

556 

s 

4.3 

0.89 

1.6 

30.8 

n 

** 

+110 

X 

57.3 

15.3 

23.5 

551 

s 

3.5 

1.5 

3.1 

54.8 

n 

- 4- 
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II. A.  Motor  Design  and  Description  (cont) 

\ 

A  propellant  cure  temperature  of  +135°F  was  used  for  motor  cast  Lots  1  through 
5.  To  reduce  the  thermal  strain  in  the  motor,  all  subsequent  motors  were  cured 
at  +110°F.  As  shown,  the  propellant  properties  do  not  differ  for  the  +135  and 
+110 °F  cure.  The  reduced  cure  temperature,  however,  increases  the  time  required 
for  the  propellant  to  reach  an  equilibrium  cure  state.  Figure  16  shows  a  cure 
time  of  five  days  at  110°F  compared  to  approximately  three  days  at  +135°F. 

c.  Arc-Image  Furnace  Ignitability  Studies 

The  threshold-ignition  energy  requirement  of  a  propellant 

is  defined  as  the  radiant  energy  required  to  ignite  the  propellant  with  a  0.50 

probability  as  determined  by  visual  observation  of  consecutive  fire  and  no-fire 

samples  with  the  narrowest  possible  range  or  separation  of  exposure  times.  The 

2 

ignitability  of  ANB-3241-2  was  measured  at  a  surface  heat  flux  of  70  cal/cm  - 

sec.  The  test  results  are  presented  in  Figure  17.  Thft  threshold-ignition 

2 

energy  requirement  is  approximately  3.5  cal/cm  at  all  atmospheres.  This  pro¬ 
pellant  has  essentially  the  same  threshold-ignition  energy  requirement  as  a 

similar  PBAN  propellant,  ANP-3105.  A  typical  polybutadiene  propellant  such  as 

2 

ANB-3066,  the  Minuteman  second-stage  propellant,  requires  7  to  8  cal/cm  at  1 
atmosphere.  These  data  also  show  that  the  ignitability  pressure  dependency  is 
small,  which  is  normal  for  most  of  the  polybutadiene  and  PLAN  propellants 
tested  to  date.  It  is  seen  that  a  five-fold  increase  in  pressure  decreases  the 
threshold-ignition  energy  requirement  by  a  factor  of  only  1.2.  Also,  these 
data  show  that  the  propellant  in  a  motor  at  an  altitude  of  50,000  ft  should 
ignite  satisfactorily  since  the  igniter-induced  chamber  pressure  is  approxi¬ 
mately  8  to  10  atmospheres . 
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Figure  16 
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Effect  of  Temperature  on  Cure  Rate  of  ANB-3241-2  Propellant 
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Figure  17 
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II. A.  Motor  Design  and  Description  (cont) 

d.  Propellant  Processing  Characteristics 

The  processing  characteristics  of  ANB-3241,  as  well  as 
other  PBAN  propellants,  make  it  ideally  suited  for  high-volume  production. 

The  flow  characteristics  of  ANB-3241  are  excellent;  the  as-cast  viscosity  is 
only  15,000  poise  at  +135°F.  A  comparison  of  the  viscosity  buildup  from  +120 
to  +135°F  of  batches  prepared  for  the  2.75-in.  FFAR  motor  program  is  shown  in 
Figure  18.  The  close  agreement  among  the  various  batches  is  another  example 
of  the  excellent  reproducibility  of  the  Aerojet  epoxy-cured  PBAN  propellant 
systems. 

e.  Explosive  Classification 

The  hazard  classification  tests  performed  at  Aerojet  on 
ANB-3241-2  are  listed  in  Figure  19.  More  expensive  motor  testing  in  accord¬ 
ance  with  Technical  Order  T.O.  11A-147  was  performed  as  part  of  the  Improved 
2.75-in.  FFAR  program.  As  expected,  the  recommended  DOT  classification  remains 
Class  B. 

f.  Liner  and  Insulation 

Sprayable  liner  IBS-105-3  (Specification  AGC-36552)  was 
selected  to  line  the  chamber  sidewall,  and  insulation  IBS-105-4X  (Specification 
AGC-36555)  was  selected  to  insulate  the  chamber  aft  end  which  is  exposed  to 
propellant  combustion  and  gas  flow  for  almost  the  full  duration  of  motor  opera¬ 
tion.  Both  materials  are  modifications  of  liner  formulation  SD-850-2  that  was 
successfully  used  and  characterized  on  the  260-in.  motor  program.  The  formu¬ 
lations  for  both  materials  were  specifically  tailored  to  provide  (a)  flow  and 
cure  characteristics  required  for  spray  application;  (b)  good  low  temperature 
properties;  and  (c)  high  bend  strength  margins  with  propellant  grain  and  chamber 
sidewall.  For  use  as  the  aft-end  insulation  material,  the  asbestos  content 
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Figure  18 
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Item 


Test  Results 


2-in.  Cube  with  No.  8  Blasting  Cap  (5  tests) 

2-in.  Cube  with  Engineer's  Special  Blasting  Cap 
(5  tests) 

Ignition  and  Unconfined  Burning  Tests 

1- in.  cube  (1  test) 

2- in.  cube  (2  tests) 

4  2-in.  cubes  (1  test) 

Thermal  Stability  Test  (48  hr  at  75°C) 

1- in.  cube  (1  test) 

2- in.  cube  (1  test) 

Autoignition  Temperature,  °F  (DTA) 

Impact  Sensitivity,  cm/2Kg* 

NOL  Card-Gap  Test  (6  tests)* 


Negative 

Negative 


Burned  8  sec 
Burned  14  sec 
Burned  15  sec 


No  change 
No  change 
705 
23 

Negative 

(with  no  attenuation) 


*  Not  DOT  Test 

DOT  Classification  Testing  for  ANB-3241  Propellant 

Figure  19 
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II. A.  Motor  Design  and  Description  (cont) 

was  increased  to  provide  improved  erosion  resistance  and  the  carbon  black  level 
was  decreased  to  maintain  flow  properties  that  permit  spray  application  with 
the  centrifugal  applied  liner  (CAL)  process.  The  compositions  of  the  two 
materials  are  presented  in  Figure  20,  together  with  their  respective  bond 
strengths.  The  excellent  bond  strengths  of  both  insulation  materials  reflect 
the  type  of  failure  obtained  with  the  PBAN  liner  systems  in  that  cohesive 
failure  occurred  in  the  propellant  in  each  test.  The  bond  strength  allowables 
were  also  determined  and  are  discussed  later  in  this  section.  The  mechanical 
properties  of  IBS-105-3  at  +77  and  -65°F  are  shown  below: 

_ Mechanical  Properties _ 

Test  Temperature,  °F  am*  ps^  £m>  ^  £b»  ^  Eo* 

+77  183  110  114  383 

-65  2966  9  75  58,306 

The  cure  time  selected  for  processing  the  IBS-105-3  liner 
is  18+6  hr  at  +135°F,  which  is  within  the  acceptable  limits  for  this  system. 

_ Bond  Strength _ 


Liner  Cure _  Peel  at  Tensile  at 


Time,  hr 

Temperature,  °F 

+77°F,  lb/in. 

+77°F,  psi 

8 

135 

31 

84 

16 

135 

33 

83 

24 

135 

29 

84 
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Equivalents  Composition,  wt% 


Components  Ratio  IBS-105-3  IBS-1Q5-4X 


PBAN 

45 

50.49 

49.04 

MNA 

45 

2.67 

2.62 

LD-124 

10 

3.36 

3.26 

DER-332 

110 

12.96 

12.58 

FeAA 

0.50 

0.50 

P-33 

10.00 

5.00 

Sb2°3 

10.00 

10.00 

Asbestos 

10.00 

17.00 

Bond  Strength  at  +77 

V 

°F 

Peel  Strength,  lb/in. 

24 

2C 

Tensile  Strength, 

psi 

64 

65 

Comparison  of  2,75-in.  FFAR  Motor 
Insulation  and  Bond  Systems 


Figure  20 
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II. A.  Motor  Design  and  Description  (cont) 

g.  Structural  Integrity  Evaluation  of  Propellant/Liner  System 

A  laboratory  test  and  analytical  program  has  been  com¬ 
pleted  having  as  its  primary  objective  the  verification  of  the  structural 
adequacy  of  the  propellant/liner  system  selected  for  use  in  the  Improved  2.75-in. 
motor.  The  specific  objectives  were  the  following: 

(1)  Fully  characterize  the  physical  and  mechanical 
properties  of  ANB-3241-2. 

(2)  Determine  propellant  and  bond  allowables  for 
critical  motor  operating  conditions. 

(3)  Conduct  cumulative  damage  analysis  for  the  thermal 
cycling  condition  (150  to  -65°F). 

(4)  Verify  analytical  prediction  by  cycling  full-scale 

motors  to  failure. 


Laboratory  tests  conducted  with  samples  from  two  pro¬ 
pellant  batches  (68-46  and  VBM-1-67-001) ,  and  the  type  of  data  obtained  are 
summarized  below: 


Test 

Data  Obtained 

1. 

Specific  volume  vs  temperature 

Coefficient  of  thermal  expansion 

2. 

Stress  relaxation 

Long  term  modulus  (storage) 

3. 

Broad  spectrum  constant  rate 
tensile 

Modulus,  strength  and  elongation  para¬ 
meters  vs  rate  and  temperature 

4. 

Full-scale  and  analogue  motor 
thermal  cycling 

Allowable  number  of  motor  thermal  cycles 
(-65  to  150°F) 

5. 

Constant  rate  tensile  with 
pressure 

Allowable  strain  for  firing 

6. 

Constant  rate  bond  tension 

Allowable  tensile  stress  for  storage 

7. 

Constant  rate  bond  shear  with 
pressure 

Allowable  shear  stress  for  firing 
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II. A.  Motor  Design  and  Description  (cont) 

In  addition,  a  cumulative  damage  analysis  of  the  motor 
cycling  condition  was  conducted  to  provide  analytical  support  to  the  experi¬ 
mental  observation  which  indicated  that  ANB-3241-2  propellant  has  adequate 
capability  to  successfully  withstand  the  required  three  cycles  between  the 
temperature  extremes  of  -65  and  150°F  in  the  full-scale  motor  configuration. 

The  results  of  the  constant  rate  tests,  which  were 
remarkably  consistent  between  the  two  batches,  showed  that  the  propellant 
properties  are  highly  rate  and  temperature  dependent.  This  characteristic 
was  shown  to  be  the  major  factor  accounting  for  the  successful  thermal  cyc¬ 
ling  performance  despite  low  elongations  measured  at  low  temperatures  at 
standard  test  rates. 


Comparison  of  allowable  strains  and  stresses  with  cal¬ 
culated  requirements  showed  positive  safety  margins  for  all  motor  operating 
conditions.  The  validity  of  this  analysis  is  confirmed  by  more  than  50 
static  test  firings  of  motors  subjected  to  thermal  cycling  and  vibrational 
environments  and  >600  flight  tests. 

Cumulative  damage  analyses  for  both  shock  and  step-wise 
thermal  cycling  between  the  extremes  of  -65  and  150° F  were  conducted  using 
recently  developed  techniques  and  propellant  properties  obtained  from  the 
laboratory  testing.  The  results  indicated  no  significant  difference  between 
the  two  types  of  cycle  and  predicted  the  earliest  failures  at  about  11  cycles 
and  50%  failures  by  the  34th  cycle.  Full-scale  motor  cycling  results  were  in 
good  agreement  with  these  predictions. 

Based  on  the  results  of  the  laboratory  and  analytical 
work  it  is  concluded  that  the  propellant  and  propellant-liner  system  selected 
for  use  in  the  2.75-in.  FFAR  motor  will  satisfactorily  meet  all  structural 
requirements . 
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II .A.  Motor  Design  and  Description  (cont) 

(1)  Physical  Properties  aiid  Response  Characterization 

(a)  Coefficient  of  Thermal  Expansion 

The  volume  coefficient  of  thermal  expansion 
was  determined  by  means  of  measurements  of  propellant  density  at  various 
temperatures  over  the  range  -80  to  +80eF.  The  slope  of  a  density  -  temperature 
plot  provides  the  desired  value.  The  linear  coefficient  is  taken  to  be  one 
third  of  the  volumetric.  The  average  linear  value  for  ANB-3241-2  determined 
from  tests  of  specimens  from  four  batches  is  6.0  x  10  ^°F  ^ . 

(b)  Response  Characterization 


Stress  relaxation  tests  were  performed  with 
end-bonded  uniaxial  specimens  at  -75,  -40,  0,  40,  77,  110  and  1506F. 


4.0  in. 


0 


End-Bonded  Uniaxial 
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II. A.  Motor  Design  and  Description  (cont) 

Strains  o£  0.5  -  1.0%  were  applied  at  a  rate  of  0.25  min  ^  and  held  for  10 
minutes  while  the  ckcay  in  stress  was  measured.  The  data  obtained  were 
plotted  in  the  form  of  relaxation  modulus  versus  time  for  each  test  tempera¬ 
ture.  Superposition  of  the  data  was  accomplished  by  correcting  the  modulus 

by  the  ratio,  T  ,T,  (T  -  reference  temperature  ■  209°K  (77°F),  T  =  test 
s/  s 

temperature  in  °K)  and  manually  shifting  the  curves  along  the  time  axis  until 
they  superimposed  at  the  reference  temperature.  The  resulting  "master  curve," 
shown  in  Figure  21,  provides  the  modulus  data  needed  for  the  thermoviscoelastic 
analysis.  The  shift  factors  required  to  superpose  the  data  are  shown  in 
Figure  22. 


Constant  rate  tensile  tests  of  uniaxial  and 
biaxial  specimens  were  conducted  under  conditions  specified  by  the  test  plan 
shown  below: 


ICRPG  Dumbbell  Biaxial  Strip 
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Figure  21 
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Master  Relaxation  Curve  for  ANB-3241-2 
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II. A.  Motor  Design  and  Description  (cont) 


Rate 

min 

-75 

-65 

-40 

0  40 

77 

110 

150 

0.00015 

X 

X 

X 

X 

X 

X 

0.0074 

x(3> 

X 

x<3> 

0.074 

X<3) 

x(l) 

0.74 

X(D(3) 

x(l)(3) 

x(l)(3) 

x(l)(3) 

x<3> 

7.4 

x(3) 

10 

x<2> 

100 

x<2> 

X 

X 

1000 

X 

x(2) 

X 

(1)  Indicates  conditions  for  biaxial  tests 

(2)  Tests  with  1000  psig  pressure  and  12%  pre-strain 

(3)  Uniaxial  strains  measured  by  extensometer 


This  matrix  was  designed  to  characterize 
the  tensile  behavior  over  a  wide  range  of  rate  and  temperature.  It  also  in¬ 
cludes  the  testing  needed  to  determine  the  allowable  strain  for  firing. 

Modulus  values  pertinent  to  the  analysis  of 
high  rate  loading  conditions,  such  as  handling,  acceleration  and  firing,  are 
obtained  from  a  plot  of  modulus  vs  reduced  strain  rate  (e  a^)  as  shown  in 
Figure  23  for  a  reference  temperature  of  /7CF.  Moduli  for  other  temperatures 
can  be  simply  determined  from  this  plot  by  multiplying  the  strain  rate  of 
interest  by  the  appropriate  a^,  from  Figure  22  and  entering  the  curve  of 
Figure  23  at  that  point. 
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Modulus  vs  Reduced  Strain  Rate  for  ANT3-3241-2  Propellant 
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II. A.  Motor  Design  and  Description  (cont) 

A  "Smith-type"  failure  envelope  for  ANS-3241-2 
is  shown  plotted  in  Figure  24  with  both  the  uniaxial  and  limited  biaxial  strip 
data  shown.  At  the  lower  stress  values,  corresponding  to  the  lower  strain  rates 
and  higher  temperatures,  the  biaxial  elongations  are  about  70%  of  those  from 
the  uniaxial  tests.  At  the  higher  stress  values,  however,  there  appears  to  be 
no  significant  difference. 


Figures  25,  26,  and  27  show  the  elongation 

parameters  e  ,  e.  ,  and  a  /E  plotted  vs  reduced  strain  rate  for  reference  tem- 
m  b  m 

peratures  of  77°F  and  -65°F.  It  will  be  noted  that  the  elongation  is  quite 
rate  sensitive  and  passes  through  a  maximum  at  77°F  at  a  rate  between  10  and 
100  min  \  The  maximum  strain  rate  application  to  the  cooling  of  a  full-scale 
2.75-in.  motor  from  150  to  -65 °F  can  be  simply  estimated  since  it  is  known 
that  the  maximum  strain  at  the  inner  bore  at  -65°F  is  12.7%  and  the  minimum 
time  required  to  reach  thermal  equilibrium  at  -65°F  is  about  2.5  hours.  Thus: 


0.127 
2.5  x  60 


8.5  x  10  ^  min  ^ 


It  can  be  seen  from  Figure  25,  by  referring  to  the  strain  rate  scale  repre¬ 
senting  a  reference  temperature  of  -65°F,  that  the  elongation  corresponding 
to  the  motor  strain  rate  is  about  13%  compared  to  about  5%  at  the  standard 
rate  of  0.74  min  Further,  on  that  part  of  the  curve  any  reduction  in  the 
rate  of  cooling  would  lower  the  strain  rate  and  result  in  even  higher  elonga¬ 
tions. 


This  example  is  presented  to  emphasize 
that  elongation  values  obtained  from  standard  rate  tests  at  low  temperatures 
are  not  necessarily  indicative  of  the  propellant’s  capability,  or  lack  of 
same,  to  perform  satisfactorily  under  a  given  motor  condition.  A  proper  assess¬ 
ment  must  take  into  account  the  rate  and  temperature  dependence  of  the  pro¬ 
pellant  and  relate  these  to  the  particular  motor  condition  being  analyzed. 
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' Temp, °F  Rate,  min 
0  -75  !  1.5x10 
^  .40  —0.0074 
A  0  j  0.074 

■  Q  *F0--  0.74 

Q  77  t  7-4 

0  110  +  100 
(5  150  4-.  1000 

Solid  symbols:  Batch 

68-46 

Open  symbols:  Batch 
VBM- I-67-OOI 

C5  Biaxial  Data 


Strain  at  Maximum  Stress,  Cm,  70 


Smith-Type"  Failure  Envelope  for  ANB-3241-2 


Figure  24 
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Figure  25 
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Strain  at  Maximum  Stress  vs  Reduced  Strain  Rate  for  ANB-32U1-2  Propellant 
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Figure  27 


UNCLASSIFIED 


Strain  Parameter  /Bq  vs  Reduced  Strain  Rate  for  ANB- 3241-2  Propellant 
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II. A.  Motor  Design  and  Description  (cont) 


To  further  demonstrate  the  path  dependency 
effects  two  specimens  each  were  strained  at  77°F  to  5,  7.5,  10,  12.5,  and  15% 
held  for  24  hours,  then  cooled  while  under  strain  to  -65 °F.  No  failures 
occurred  after  six  weeks.  The  specimens  were  brought  up  to  77°F,  strained  an 
additional  5%  and  then  cooled  again  to  -65°F.  No  failures  occurred  after  four 
weeks.  Similar  tests  were  conducted  with  specimens  from  Batch  VBM-1-67-001  at 
strain  levels  of  15,  17.5,  20,  22.5,  25  and  30%.  All  specimens  held  at  the 
latter  three  strain  levels  failed  within  one  day.  The  rest  have  resisted 
failure  for  six  weeks. 


(2)  Propellant  and  Bond  Allowables 


The  methods  used  to  estimate  the  allowable  strains 
and  stresses  for  the  propellant  and  bonds  are  based  on  simulating  the  critical 
motor  conditions  in  the  laboratory,  by  means  of  careful  specimen  design  and 
environmental  control,  and  treating  the  resulting  data  to  account  for  the 
expected  variability  in  properties.  The  basic  relation  used  in  calculating 
the  allowables  is  given  below: 


Xa  -  XK  [1  -  (3  +  a)  V]  (1) 

Where  X  ■  allowable  stress  or  strain 

a 

X  -  mean  measured  property  obtained  under 
appropriate  test  conditions 

K  ■  stress  concentration  of  multiaxiality 
correction  factor 

a  -  statistical  parameter  which  depends  upon 
number  of  samples  tested  and  level  of 
ronfidence  required 

V  ■  coefficient  of  variation  for  property 
being  measured 
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II. A.  Motor  Design  and  Description  (cont) 


(a)  Strain  Allowables 


_1  Thermal  Cycling 


Because  of.  the  complications  presented 

by  factors  such  as  path  dependency,  the  evaluation  of  thermal  cycling  capabi¬ 
lity  cannot  be  handled  simply  using  unihxial  or  biaxial  tests.  The  best 
approach  has  been  the  use  of  analogue  motors,  with  cylindrical  bores  of 
various  sizes,  thermally  cycled  to  failure.  In  the  case  of  the  2./5-in.  motor 
the  small  size  makes  it  convenient  to  test  the  full-scale  article.  Data  for 
16  full-scale  motors  from  five  different  cast  lots  cycled  between  150  and  -65°F 
are  presented  below. 


Cast 

Measured 

Cycles  Completed* 

Lot 

Strain,  % 

Without  Failure 

Remarks 

6 

12. A 

10 

Failed 

12.3 

27 

Failed 

12. A 

27 

Failed 

12.1 

16 

Failed 

12.1 

28 

Failed 

7 

11.7 

20 

No  failure. 

Test  discontinued 

10.2 

20 

No  failure. 

Test  discontined 

9 

11.3 

10 

No  failure. 

Test  discontinued 

10.8 

10 

No  failure. 

Test  discontinued 

10.5 

5 

Failed  (scratch  on  bore) 

10 

11.8 

A 

Failed  (scratch  on  bore) 

10.8 

9 

Failed 

12 

13.0 

10 

No  failure. 

Test  discontinued 

12.9 

10 

No  failure. 

Test  discontinued 

12.8 

10 

No  failure. 

Test  discontinued 

12.9 

10 

No  failure. 

Test  discontinued 

*  -  65  to  +150*F 
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II. A.  Motor  Design  and  Description  (cont) 

Numerous  strain  cylinders  prepared  from 
half  length  2.75-in.  motor  cases  with  different  bore  sizes  have  been  tested. 


The  results  from  20  cylinders  from  four  cast  lots  summarized  below  indicate 
a  satisfactory  safety  margin  for  the  specification  requirements  of  three  cycles 
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II. A.  Motor  Design  and  Description  (cont) 


Cast 

Measured 

Cycles  Completed ^ 

Lot 

Strain,  % 

Without  Failure 

Remarks 

6 

13.6 

5 

Failed 

13.9 

18 

Failed 

13.4 

12 

Failed 

14.4 

6 

Failed 

8 

12.3 

17 

Failed 

12.0 

11 

Failed 

12.6 

14 

Failed 

H.4 

15  • 7  m 
15. 3U' 

21 

Failed 

11 

Failed 

9 

Failed 

10 

12.4 

6 

Failed 

Jw(2) 

9 

Failed 

9 

Failed 

6 

Failed 

12 

12.4 

6 

Failed 

12.1 

10 

Failed 

12.2 

6 

Failed 

11,9(2) 

15’5  2 

15. 4U' 

5 

Failed 

5 

Failed 

5 

Failed 

2  Firing 


The  allowable  inner  bore  hoop  strain 

for  firing  at  -65°F  was  estimated  from  the  results  of  high  rate  tensile  tests 
of  pre-strained  specimens.  The  tests  were  conducted  in  a  high  pressure  (1000 
psig)  environment  to  simulate  the  conditions  at  the  inner  bore  during  motor 
ignition.  The  pre-strain  on  the  specimens  was  about  12%  corresponding  to  the 


(1)  -65  to  +150°F 

(2)  Core  size:  0.60-in.  diameter;  all  others  0.70-in.  diameter 
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II. A.  Motor  Design  and  Description  (cont) 

expected  maximum  thermal  strain  at  the  aner  bore  at  -65 °F.  Of  primary 
interest  for  this  condition  is  the  propellants'  capability  to  withstand  the 
additional  strain,  over  and  above  the  thermal  strain  already  present,  imposed 
by  motor  pressurization.  These  allowable  incremental  strains,  calculated  using 
Equation  (1),  are  shown  in  Figure  28.  A  K  value  of  0.83  was  used  to  correct 
the  uniaxial  values  to  equivalent  biaxial  elongations. 

The  allowable  obtained  for  the  time 

corresponding  to  time  to  peak  ignition  pressure  (150  msec)  would  be  3%.  This 
compares  with  a  calculated  requirement  of  2.7%.  Thus,  an  adequate  margin  of 
safety  exists  for  the  firing  condition. 

(b)  Bond  Stress  Allowables 

1^  Storage 

An  evaluation  of  the  bond  capability  for 
storage  was  made  from  the  results  of  constant  rate  tension  tests  of  poker-chip 
sandwich  specimens.  The  specimens  made  from  Batch  68-46  used  IBS-105-4X 
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Figure  28 
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Time,  sec 

NOTE:  Tests  conducted  with  12%  pre-strain 
95%  confidence  level 

Allowable  Incremental  Strain  f-*r  Firing  at  -65 
ANB-3241-2/IBS-105-48 
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II. A.  Motor  Design  and  Description  (cont) 

insulation  while  those  prepared  with  propellant  from  VBM-1-67-001  contained 
IBS-105-3  insulation.  Tests  were  conducted  at  crosshead  rates  of  0.02,  0.2  and 
2.0  inches  per  minute  and  temperatures  of  -65,  77  and  150°F.  The  results 
plotted  in  the  form  of  stress  vs  reduced  time  to  failure  for  a  reference  tem¬ 
perature  of  -65°F  are  presented  in  Figure  29.  The  estimated  allowable  stress 
was  obtained  from  these  data  by  use  of  Equation  (1)  with  K  taken  to  be  1.4. 

In  addition  the  time  values  were  corrected  by  a  factor  A  =  0.1,  to  account 
for  the  fact  that  during  the  constant  rate  test  the  maximum  stress  is  not 
applied  to  the  specimen  for  the  full  duration  of  the  test. 

Comparison  of  the  allowables  thus  ob¬ 
tained, out  to  storage  time  in  excess  of  one  year,  indicate  large  margins  of 
safety. 


2  Firing 

Poker-chip  bond  specimens  tested  in 

shear  at  several  rates,  and  with  superimposed  pressure,  provide  the  data 
needed  for  calculation  of  the  allowable  bond  shear  stresses  for  motor  firing. 
Again  Equation  (1)  was  used  with  a  K  factor  of  1.2.  The  results  for  firing 
temperatures  of  -65  and  150° F  are  shown  in  Figure  30.  The  calculated  require¬ 
ments  for  these  temperatures  are  465  and  10.6  psi,  respectively.  These  com¬ 
pare  with  allowable  values  taken  at  150  msec  of  980  and  110  psi.  Again 
adequate  safety  margins  are  indicated. 

(3)  Cumulative  Damage  Analysis 

The  2.75-in.  motor  was  subjected  to  analyses 
of  transient  heat  conduction,  thermoviscoelasticity,  and  cumulative  damage 
using  the  properties  obtained  from  laboratory  tests  of  propellant  ANB-3241-2, 
Batch  68-46.  The  pertinent  properties  used  are  presented  in  Figure  31. 
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Maximum  True  Stress  vs  Reduced  Time  to  Failure  for 
ANB-3241-2  Propellant 
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II. A.  Motor  Design  and  Description  (cont) 

The  three  analyses  ware  programed  as  an  integrated  computer  routine  with  a 
relatively  simple  format  for  the  data  print-out.  Two  thermal  histories  for 
the  motor  were  analyzed:  (1)  for  shock  thermal  cycling,  where  the  motors  are 
transferred  rapidly  from  a  hot  (+150°F)  to  a  cold  (-65°F)  conditioning  cell, 
and  vice  versa;  and  (2)  for  step-wise  cooling  of  the  motors  where  they  are 
exposed  sequentially  to  the  following  temperatures:  +110,  +77,  +40,  0,  -40, 
-65,  and  +150°F.  The  analyses  involved  five  shock  thermal  cycles  (Case  1) 
and  three  step-wise  thermal  cycles  (Case  2).  A  24-hr  period  was  allowed  for 
equilibration  of  all  temperatures. 

(a)  Case  1  -  Shock  Thermal  Cycling 

Temperatures  and  calculated  inner-bore  hoop 
stress  and  strain,  for  the  first  thermal  cycle  are  summarized  in  Figure  32. 

No  significant  stress  buildup  was  observed  on  subsequent  cycles.  The  cumula¬ 
tive  damage  analysis  for  the  inner-bore  is  summarized  in  Figure  33,  which 
shows  that  after  five  cycles  a  significant  margin  exists. 

The  damage  fraction*  at  the  end  of  three 
cycles  is  0.082  and  at  the  end  of  the  fifth  cycle  is  0.144.  Extrapolation 
of  the  damage  calculations  indicates  that  50%  of  the  motors  from  these  batches 
would  be  expected  to  fail  before  the  34th  cycle.  Also,  the  lower  tolerance 
limit  would  be  exceeded  after  about  11  or  12  thermal  cycles.  Thus,  the  ana¬ 
lytical  predictions  are  consistent  with  full-scale  motor  cycling  tests. 

The  radial  stress-vs-temperature  analyses 

for  the  propeilant-to-liner  bond  line  are  given  in  Figure  34.  The  correspond- 

-4 

ing  damage  analysis  is  given  in  Figure  35.  The  damage  fraction  (5.46  x  10  ) 

after  five  cycles  falls  far  short  of  that  required  to  predict  bond  failures 
in  tnese  motors. 

*The  percent  of  damage  that  has  occurred,  compared  to  the  estimated 
nominal  amount  of  damage  required  to  cause  failure. 
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Inner  Bore  Temperature  and  Calculated  Hoop  Stress 
and  Strain  During  First  Shock  Thermal  Cycle 
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Calculated  Cumulative  Damage  at  the  Inner  Bore  for  Shock  Thermal  Cycling 
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Propellant/Liner  Bond  Temperature  and  Calculated  Radial 
Stress  During  First  Shock  Thermal  Cycle 

Figure  34 
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II. A.  Motor  Design  and  Description  (cont) 

(b)  Case  2  -  Step-Wise  Thermal  Cycling 

The  bore  temperature  and  calculated  inner- 
bore  hoop  stress  and  strain  are  summarized  in  Figure  36.  Cumulative  damage 
for  the  first  three  cycles  is  summarized  in  Figure  37.  The  total  damage 
fraction  at  the  end  of  the , third  cycle  is  0.089,  which  compares  with  the 
value  of  0.082  predicted  for  the  shock  thermal  cycling.  Therefore,  it  appears 
that  no  significant  difference  would  occur  in  motor  failure  behavior  for  the 
two  thermal  cycling  histories. 


The  propellant-to-liner  bond  radial  stress 

analysis  and  bond  temperature  are  summarized  in  Figure  38  while  the  damage 

analysis  is  given  in  Figure  39.  As  in  Case  1,  the  damage  fraction  is  negli- 

-4 

gible  at  the  bond  (6.42  x  10  )  at  the  end  of  three  thermal  cycles. 

h.  Propellant  Storage  Tests 

In  compliance  with  the  Contract  Work  Statement  storage 
tests  were  conducted  to  determine  the  effects  of  relative  humidity  exposure 
and  high  temperature  on  the  mechanical  properties  of  ANB-3241-2  propellant. 

(1)  Relative  Humidity  Storage  Tests 

The  storage  tests  to  determine  the  effects  of  long 
term  exposure  to  various  relative  humidities  on  the  propellant  mechanical 
properties  are  not  complete  at  this  time.  The  available  test  data  are  shown 
in  Figure  40.  Low  temperature  properties  show  no  change  on  exposure  to  90, 

70,  35  and  0  percent  relative  humidity  while  the  ambient  and  +150#F  test 
properties  show  the  expected  decrease  in  propellant  tensile  strength  and 
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Inner  Bore  Temperature  and  Calculated  Hoop  Stress  and 
Strain  During  First  Step-Wise  Thermal  Cycle 
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Figure  37 
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Calculated  Cumulative  Damage  at  Inner  Bore  for  Step-Wise  Thermal  Cycling 
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II. A.  Motor  Design  and  Description  (cont) 

modulus  with  increasing  relative  humidity.  However,  constant  strain  tests 
conducted  at  77°F  indicate  the  propellant  will  hold  20%  strain  (highest  strain 
level  tested)  at  each  humidity  level  tested. 

(2)  High  Temperature  Storage  Tests 

Propellant  used  to  prepare  the  cast  Lot  6  motors 
(the  first  cast  lot  with  fully  case  bonded  design)  were  stored  at  200,  180, 
160,  and  77°F  for  various  lengths  of  time  to  assess  the  shelf  life  of  ANB- 
3241-2.  Test  data  for  these  storage  temperatures  are  summarized  in  Figures 
41  through  44.  Although  some  hardening  of  the  propellant  was  observed  at 
storage  temperatures  of  200  and  180°F;  little  change  in  properties  of  the 
propellant  resulted  from  150  and  77°F  storage.  These  data  are  consistent 
with  other  Aerojet  PEAN  propellant  storage  experience. 

Propellant-liner  bond  aging  tests  are  in  progress 
but  the  initial  test  intervals  have  not  been  reached.  The  data  will  be  pro¬ 
vided  when  available. 

8.  Motor  Assembly 

The  overall  motor  assembly  conforms  to  the  envelope  and 
interface  requirements  outlined  in  the  interface  control  envelope  Drawing 
1146155,  listed  as  part  of  the  Improved  2.75-in.  drawing  package  in  Figure  2. 
The  nominal  overall  motor  assembly  length  is  39.34  in.  which  extends  from  the 
forward  threaded  end  of  the  chamber  to  the  aft  end  of  the  fin  retainer.  The 
maximum  OD  of  the  motoq  2.790  in.,  occurs  at  the  aft  closure;  the  OD  of  the 
chamber  is  a  maximum  of  2.750  in.  along  its  entire  length.  The  chamber  is  a 
GFM  component  fabricated  from  2014-T6  aluminum  alloy.  The  motor  assembly  is 
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II. A.  Motor  Design  and  Description  (cont) 

made  up  of  a  series  of  subassmeblies  for  ease  of  assembly,  storage,  and  hand¬ 
ling.  The  weight  and  balance  data  of  the  various  components  are  given  in 
Appendix  C.  These  subassemblies  are  final  assembled  as  described  in  the 
following  paragraphs. 

The  piston  assembly  consists  of  the  GFM  piston  with  a  wire 
lead-through  that  is  sealed  with  a  fused  glass  bead  at  the  exit  points  from 
the  piston.  Each  end  of  the  wire  lead-through  is  crimped  to  an  extension 
electrical  lead.  The  exposed  wire  and  fused  glass  bead  seals  are  covered 
with  silicone  rubber  to  prevent  electrical  shorts.  All  coi^^tions  and  bare 
wire  are  covered  with  an  insulating  sleeve.  This  assembly  is  incorporated 
into  the  aft  closure  assembly  as  described  in  the  next  paragraph. 

The  aft-closure  assembly  has  four  aerodynamic  fins  assembled 
to  the  aft-closure  lugs  with  solid,  corrosion-resistant  steel  pins.  The  pins 
have  an  interference  shrink  fit  with  the  fins  and  a  minimal  clearance  fit  with 
the  closure  lugs  to  provide  a  +  1/8°  maximum  angular  tolerance  conditions  to 
the  fin  assemblies.  After  assembly  to  the  closure,  the  four  fins  are  held 
in  the  folded  position  by  a  plastic  fin  retainer,  which  locks  into  a  slot  in 
the  aft  end  of  each  fins.  The  fin  retainer  also  contains  the  electrical  con¬ 
tact  disk  by  which  igniter-to-launcher  electrical  contact  is  made.  The  foam 
weather  seals  are  bonded  into  the  nozzles  with  Epon  913,  and  the  piston 
assembly  and  cross  head  are  installed  and  retained  in  the  aft  closure  assembly 
and  the  contact  disk  is  then  completed  by  crimping  the  extended  electrical 
lead  to  the  contact  disk  and  covering  the  connection  with  an  insulating  sleeve. 

The  igniter  assembly  is  removed  from  the  storage  area  and 
bonded  to  the  aft-closure  assembly  after  the  grounding  clip  is  installed. 

Squib  wires  are  connected  to  the  matching  ground  and  contact  wires  of  the 
grounding  clip  and  piston  to  complete  the  igniter-to-iauncher  circuitry. 
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II. A.  Motor  Design  and  Description  (cont) 

An  electrical  continuity  check  is  performed  between  the  aft-closure  plate 
ground  and  the  electrical  contact  disk  at  the  fin  ends.  The  maximum  allow¬ 
able  circuit  resistance  is  1.35  ohms  at  ambient  temperature.  Electrical 
connections  are  capable  of  withstanding  a  10-lb  pull. 

Upon  completion  of  chamber  insulation  and  lining,  the  pro¬ 
pellant  is  cast  at  +110°F  and  the  grain  core  is  positioned  in  the  chamber, 
thus  displacing  the  propellant.  The  propellant  is  cured  at  +110°F  for  5  days 
and  then  trimmed  at  the  aft  end.  The  motors  are  y-rayed  and  prepared  for 
final  assembly. 


During  final  motor  assembly,  the  O-ring  is  lubricated  and 
installed  in  the  aft  closure  groove,  and  the  area  of  the  joint  between  the 
aft-closure  insulator  and  the  chamber-grain  assembly  is  potted  with  12-gm  of 
IBS-105-4X  insulation  material.  This  amount  is  sufficient  to  completely  fill 
the  void  between  the  aft-closure  and  the  aft-end  of  the  grain,  thereby  pro¬ 
viding  additional  protection  to  the  aft-end  of  the  chamber  wall.  The  aft- 
closure  assembly  with  the  igniter  in  plac^  is  positioned  within  the  motor 
chamber  such  that  the  lockwire  grooves  are  aligned.  During  this  operation, 
the  aft  end  of  the  cured  I6S-105-4X  chamber  insulation  is  compressed  by  the 
interference  fit  at  the  interface  with  the  closure,  thus  providing  an  addi¬ 
tional  protective  seal  for  the  aft  joint. 

The  lockwire  is  lubricated  with  silicone  lubricant,  and  the 
hook  end  of  the  lockwire  is  inserted  through  the  elongated  hole  in  the  motor 
chamber  and  into  the  hole  of  the  lockwire  groove  of  the  closure.  The  aft- 
closure  assembly  is  rotated  clockwise  until  the  raised  notched  end  of  the 
lockwire  snaps  into  the  elongated  hole  in  the  chamber.  An  electrical  short¬ 
ing  clip  is  installed  between  the  contact  disk  of  the  fin  retainer  and  a 
groove  in  the  nozzle  closure.  The  motor  is  then  placed  in  an  oven  to  cure 
the  IBS-105-4X  insulation  used  for  potting. 
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II. A.  Motor  Design  and  Description  (cont) 

A  2.0  in. -wide  circumferential  band  of  brown  lacquer  is 
applied  3.0  in.  aft  of  the  forward  end  of  the  chamber  to  designate  the  proper 
ammunition  color  coding. 

A  stencil  is  applied  designating  motor  part  number,  code 
identification,  contract  number,  manufacture  date,  lot  number,  firing  and 
storage  temperature  range  and  warranty  date.  A  stencil  is  applied  with  black 
ink  near  the  front  end  with  the  following  designation:  "Torque  head  to  55  to 
65  ft/lb." 


9.  Government-Furnished  Material  (GFM) 


The  listing  of  GFM  items  is  given  below,  followed  by  appropriate 
Aerojet  design  recommendations  to  improve  performance  and/or  manufacturability 
of  selected  items. 


Component  Description 

Part  No. 

1. 

Lockwire 

1146924-1  or  1146898-1 

2. 

0-ring 

1127114 

3. 

Shunt  Wire 

1146336-1 

4. 

Squib,  Mk  I,  Mod  1 

656714 

5. 

Cross  Head 

456909 

6. 

Contact  Disk 

1253129 

7. 

Fin  Retainer 

1253131 

8. 

0-ring 

650950 

9. 

0-ring 

650953 

10. 

Nut 

MS  20365-1032 

11. 

Pin,  Straight 

1146056-1 

12. 

Fin  Blade 

1146210-1 

13. 

Plate,  Nozzle 

1146916-1 

14. 

Piston  A3sy 

1146721-1 

15. 

Motor  Tube 

1569403 
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II. A.  Motor  Design  and  Description  (cont) 

Our  understanding  of  the  configuration,  present  status  of 
the  component,  and  definition  of  changes  to  the  above  GFM  items  for  compati¬ 
bility  with  the  Aerojet  Improved  2.75-in.  motor  are  discussed  in  the  follow¬ 
ing  paragraphs  for  the  selected  items. 

Item  1.  To  meet  the  requirements  for  dispersion,  it  is 
necessary  to  spin  the  rocket.  The  spin  imparted  by  the  fins  is  transmitted 
to  the  rocket  through  the  closure  and  step-latch  design  of  the  lockwire.  The 
current  GFM  lockwire  requires  modification  to  ensure  positive  retention  under 
these  spin-imposed  loads,  and  will  be  reworked  for  the  current  contract  to 
incorporate  a  reformed  shape.  This  modification  is  also  adaptable  to  the 
standard  current  round  where  its  use  would  provide  additional  flight  safety. 

Item  3.  The  samples  of  GFM  shunt  wire  that  were  received 
at  Aerojet  on  several  furnished  closure  assemblies  were  designed  to  anchor 
into  the  end  of  the  fin-attach  roll  pin.  The  recommended  Aerojet-revised 
design  requires  a  solid  steel  pin  in  crder  to  restrict  the  fin  misalignment 
to  +  1/8  of  a  degree;  therefore,  a  modification  was  made  to  the  shunt  wire 
to  provide  a  spring-tight  fit  around  the  aft  closure  detent  groove. 

Item  4.  The  Mk  1  Mod  1  squib  meets  the  specified  firing 
current  of  0.5  amp  per  round  and  maintains  commonality  with  the  present  unit. 
However,  to  achieve  the  required  high  altitude  capability,  it  is  necessary  to 
use  a  pyrotechnic  booster  charge  in  conjunction  with  the  squib. 

Item  11.  The  GFM  pin  was  a  hollow  roll-pin.  The  new  fin- 
pin  design  requires  very  tight  tolerances  in  both  the  fin  and  aft-closure 
mounting  lugs.  This  product  improvement  design  is  the  result  of  the  request 
for  a  +  1/8°  fin  tolerance  during  assembly  to  the  aft  closure. 


Page  46 

UNCLASSIFIED 


UNCLASSIFIED 


Report  AFRPL-TR-69-90 
II. A.  Motor  Design  and  Description  (cont) 

Item  12.  The  current-round  fin-blade  was  modified  to  pro¬ 
vide  a  0.11°  cant  angle  to  the  fins  to  impart  a  rotation  of  less  than  7-1/2 
rps  to  the  rocket  during  flight  to  achieve  improved  stability  and  accuracy. 

The  cant  angle  is  slight  enough  to  allow  use  of  the  current  fin  forgings  by 
machining  the  same  width  hub  at  an  angle,  and  drilling  a  new  hole  at  a  right 
angle  to  the  hub  face. 

Item  13.  Only  the  interior  portion  of  the  aft  closure  shall 
require  any  major  modification  from  the  current  round.  The  exterior  retains 
the  same  lockwire,  0-ring  groove,  closure  length,  and  bearing  ring  OD  with 
only  a  small  diameter  and  radius  change  to  the  detect  retention  groove.  Spac¬ 
ing  is  unchanged  at  the  aft-face  fin-pin  location  and  fir*  tab.  Other  small 
tool  cutter  radii  and  tolerance  changes  to  make  up  the  deviations  from  the  GFM 
machined  part.  The  interior  retains  the  piston  bore,  four  holed,  and  the  same 
closure  wall  thickness;  only  the  cavity,  piston  sleeves  OD,  hole  size,  and 
location  are  changed. 

Item  15.  Although  the  GFM  motor  case  (1569403)  is  unchanged 
for  the  Improved  2.75-in.  motor,  minor  within-tolerance  variations  occur  from 
one  fabricator  to  another.  These  variations  vary  the  motor  weight  and  pro¬ 
pellant  loading  capability.  In  addition,  the  current  chamber  lockwire  groove 
tolerances  can  allow  less  than  1.5  factor  on  yield  under  the  worst-on-worst 
tolerance  buildup. 

B.  STABILITY  AND  CONTROL 


An  investigation  was  conducted  to  determine  the  optimum  configura¬ 
tion  for  the  Improved  2.75  FFAR  from  the  standpoint  of  simultaneously  achiev¬ 
ing  a  one-standard-deviation  dispersion  less  than  9.5  mils,  minimal  probabi¬ 
lity  of  pit-roll  resonance,  minimum  change  in  existing  tooling,  and  no 
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II. B.  Stability  and  Control  (cont) 

alteration  of  existing  launchers.  This  optimum  configuration  is  identical 
to  the  present  2.75  FFAR  in  external  configuration,  except  for  the  addition 
of  a  0.11°  differential  fin  cant. 

A  complete  description  of  the  analytical  and  test  results  of  this 
investigation  is  presented  in  Appendix  A. 

C.  DEVELOPMENT  TEST  RESULTS 


1.  Igniter  Tests 

The  purpose  of  the  2.75-in.  ignition  testing  program  was  to 
develop  an  igniter  that  would  function  reliably  from  sea  level  to  50,000  ft 
altitude  over  the  temperature  range  of  -65  to  150°F.  In  addition,  the  igniter 
must  be  simple  to  manufacture  and  reliable.  Accordingly,  igniter  testing  was 
conducted  with  a  variety  of  charge  weights,  squib-to-pellet  initiators,  and 
charge  containers.  The  Mark  I  squib,  used  in  the  current  2.75-in.  motor,  was 
used  as  the  primary  initiator  in  all  tests. 

a.  Main  Charge 

During  initial  testing  early  in  the  program,  the  main 
charges  were  varied  from  7  to  9  gm  of  Type  2D  BPN  pellets.  Based  on  arc- 
image  furnace  propellant  ignitability  test  results,  together  with  results 
from  the  ignition  simulation  test  chamber  firings,  a  main  charge  of  7  gm  of 
Type  2D  BPN  pellets  was  selected  to  provide  reliable  and  reproducible  ignition 
over  the  specified  pressure  and  temperature  ranges. 
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II. C.  Development  Test  Results  (cont) 

b.  Pyrotechnic  Container 

This  phase  of  igniter  testing  was  devoted  to  igniter 
container  development.  Several  container  materials  were  evaluated,  includ¬ 
ing  cellulose-acetate-butyrate,  Kraft  paper,  aluminum  foil,  and  commercial 
aluminum  tubing.  Five  tests  were  conducted  using  containers  of  hand-fabri¬ 
cated  Kraft  paper,  five  with  containers  of  hand-fabricated  aluminum  foil, 
six  with  cellulose-acetate-butyrate  commercially  formed  tubes,  and  41 
with  commercially-fabricated  aluminum  tubes.  It  was  found  early  in  the  test¬ 
ing  program  that  the  commerical  aluminum  tubing  (0.61  in.  ID;  0.007  in.  wall 
thickness;  2.35  in  long)  provided  consistently  reproducible  igniter  perform¬ 
ance  as  compared  to  the  other  materials  and  fabrication  techniques.  For  this 
reason,  as  well  as  for  its  capability  to  provide  ease  of  igniter  manufacture 
and  quality  control,  the  aluminum  tube  was  selected  as  the  main  charge  con¬ 
tainer. 


c.  Igniter  Test  Firings 

The  first  18  ignition  tests  were  conducted  with  the  7-gm 
main  charge  and  the  Mark  I  squib  all  housed  in  the  aluminum  containers.  The 
tests  were  made  in  the  ignition  simulation  chamber  over  the  temperature  range 
of  -65  to  150°F  and  at  one  atmosphere  pressure.  Test  results  showed  an  average 
peak  pressure  of  222  psi  and  an  average  time-to-peak  pressure  of  0.022  sec. 

Both  the  average  peak  pressure  and  the  time-to-peak  pressure  was  considered 
normal.  However,  when  an  additional  five  tests  were  conducted  at  +75°F  under 
simulated  altitude  conditions  of  50,000  feet,  extended  times-to-peak  pressure 
and  complete  hangfires  were  observed.  These  results  indicated  that  the  Mark  I 
squib  is  not  adequate  to  initiate  the  main  pellet  charge  at  altitude.  Accord¬ 
ingly,  it  was  decided  to  add  a  booster  charge  between  the  squib  and  main  charge 
to  aid  in  obtaining  satisfactory  igniter  operation  at  altitude. 
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II. C.  Development  Test  Results  (cont) 

Nine  additional  igniter  tests  were  conducted  in  the 
ignition  simulation  test  chamber  at  a  simulated  50,000-ft  altitude,  with  a 
booster  charge  of  0.5  gm  of  BPN  powder  (IP-10  granulation  or  particle  size). 
Three  tests  each  were  conducted  at  -65,  +75,  and  +150°F.  In  these  nine  tests, 
the  igniters  exhibited  peak  pressures  and  times-to-peak  pressures  that  closely 
approximated  the  satisfactory  performance  previously  obtained  at  one  atmosphere. 

To  optimize  the  granulation  size  and  weight  of  the  BPN 
booster  charge,  an  additional  seven  altitude  tests  were  conducted  in  the 
ignition  simulation  chamber.  All  igniters  had  the  7-gm  BPN  pellet  main 
charge,  Mark  I  squib,  and  aluminum  container;  only  the  booster  charge  was 
varied  in  weight  and  particle  size.  One  igniter  contained  0.1  gm  of  IP-10 
granulation,  three  igniters  had  0.2  gm  of  the  same  powder,  and  three  igniters 
had  0.2  gm  of  2C  granules.  Based  on  test  results,  it  is  evident  that  the 
granulation  of  the  BPN  initiator  powder  (IP-10  vs  2C)  has  no  effect  on  per¬ 
formance.  Further,  at  -65°F,  a  booster  charge  of  0.1  gm  is  unacceptable, 
and  a  charge  of  0.2  gm  is  marginal. 

Nine  additional  tests  were  conducted  with  a  0.3-gm  charge 
at  a  simulated  altitude  of  50,000  ft,  three  each  at  -65,  +70,  and  +150°F.  The 
results  of  these  tests,  when  compared  with  the  tests  using  0.1,  0.2,  and  0.5-gm 
booster  charges,  indicate  that  the  0.3-gm  booster  charge  yields  the  shortest 
ignition  delay  ever  the  temperature  range  and  at  altitude  and  is  compatible 
with  the  requirement  of  no  significant  increase  in  test  chamber  pressurization. 

A  summary  of  the  design,  test  conditions,  and  results  of 
all  ignition  tests  conducted  are  presented  in  Figure  45.  Statistical  data  are 
given  in  Figure  46  for  tests  with  a  7-gm  charge  in  a  commercial  aluminum  charge 
container,  for  sea  level  tests  with  no  booster  charge,  and  for  altitude  tests 
with  0.3  and  0.5-gm  booster  charges.  Since  obviously  poor  performance  was  ob¬ 
tained  with  0.1  and  0.2-gm  booster  charges,  no  further  data  reduction  from 
these  tests  was  justified. 

Page  50 


UNCLASSIFIED 


UNCLASSIFIED 


og  M 

•  O 

o  <u  >  a) 

43  I 

d)  in  « 

3  w  Ph 

•H  <u  is  o 

eh  u  a  o 


Report  AFRPL-69-90 


<c,  <n  co  +5 

pu  a 


68  in 

•  o 

o  d)  f»  <u 

m  in 

S  ca  >p  * 
•H  a)  m 

^  $°o 

i>  cd  -p 
<  <D  CO  -P 
Pn  nJ 

eg  W 

•  O 

o  d>  r»  <L> 

49  u& a 

a)  ca 

I  S  h  fe" 

Eh  Pi  cd  o 
Oh  -rt  in 

M,M  3^9 

<!  d)  CQ  +j 
Oh  a) 


>  W  W  O  rH 

<  + 


O 

I  -rH 

W  Tl  TD  W 

d)  B  fiP  ft 

Pi  CD  CD  co 

CU  'd  • 

hi  a  *h 

•  3  CD  >  0 

aO  3  -P  d)  O 

>  m  ca  o  tr 

<5  + 

,  .3 

in  ^  t)  ca 

d>  q  3  -P  ft 

Pi  a)  ca  co 

Cb  irj  * 

d)  C  •  &H 

•  3  3  >  o 

W)  3  -P  d)  m 

t»  ca  ca  Q  M3 

<C  > 


Pi 

H  d) 
d)  «•  P 
?  ca  a 

<u  cp  o 


<a  HP  § 

d)  i-i  O  J3 
MPl»U 


Hi  ah  Hi  Ah 


O  p  o 


•H  •»*rl  U  3 

+3  0  Pi  in  O  ® 

H  m  *H  •  OP 

« _ _  O  fi  V 


Figure  45 

UNCLASSIHED 


Average  Values  of  Pressure  and  Time-to-Peak  Pressure 
(Commercial  aluminum  tube  and  7  gm 
Type  2D-BPN  pellet  main  charge) 


BPN-Povder 

Run  Number  Arab  Squib  Tirae-to-  Function  Peak  Initiation  BPN-2D 

and  Conditioning  Pressure,  Delay  Time,  Peak  Press,  Time,  Pressure,  Charge  Wt ,  Charge  Wt, 

Date  Fired  Temp,  *F  mmHg  msec  msec _  msec  psia  gm _  gm _  _ Remarks 
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II. C.  Development  Test  Results  (cont) 

2.  Motor  Component  Tests  (Phase  I) 

Motor  component  tests  were  those  used  to  verify  component 
performance  without  regard  to  the  specific  test  requirements  of  Exhibit  A  to 
the  contract.  A  total  of  16  such  tests  were  made.  Ballistic  data,  test  ob¬ 
jectives,  and  results  are  summarized  in  Figure  47. 

The  first  four  component  tests  (CT-1  through  -4)  were  made 
with  the  chamber  and  grain  assembly  in  Figure  48  to  evaluate  grain  ballistics 
and  insulation  performance.  The  four-slot  grain  configuration  was  adopted  in 
lieu  of  the  two-slot  proposal  grain  design  for  easier  processing  and  lower 
cost.  The  initial  burning  surface  of  the  four-slot  configuration  was  the 
same  as  the  two-slot  proposal  configuration  and  was  achieved  by  shortening 
the  length  of  the  slots  from  14.8  in.  to  9.0  in.  The  grain  support  system 
is  also  shown  in  Figure  48. 

The  first  two  tests  were  conducted  with  a  single-nozzle  heavy¬ 
weight  test  aft  closure  to  expedite  early  start  of  the  development  program. 

The  third  and  fourth  motors  incorporated  the  proposed  aft  closure  with  four 
canted  nozzles  as  shown  in  Figure  49  as  Configuration  A.  In  these  four  fir¬ 
ings,  a  bag-type  igniter  installed  in  the  forward  end  was  used  to  expedite 
testing. 


Based  on  results  from  these  four  firings,  the  chamber  and 
grain  assembly  was  modified  to  incorporate  a  heavy  bead  of  insulation  at  the 
grain/aft-closure  interface  to  protect  the  chamber  sidewall  at  that  point, 
and  the  four-slot  grain  configuration  in  Figure  48  was  replaced  by  a  simple 
tube  grain  design  (ID  and  aft-end  burning)  because  throat  erosion  data  showed 
that  the  inherent  progressivity  of  the  tube  design  was  offset  by  the  increase 
in  nozzle  throat  area  during  motor  operation.  Use  of  the  tube  grain  design 
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II. C.  Development  Test  Results  (cont) 

also  permitted  elimination  of  the  extra  insulation  beneath  the  ^Lots  for 
additional  design  simplicity.  The  circular  aft-end  portion  of  the  insulator, 
however,  was  retained,  but  with  dimensional  changes  to  provide  better  pro¬ 
tection  at  the  grain/aft-closure  interface.  The  grain  support  system  remained 
unchanged  from  that  shown  in  Figure  48.  The  resultant  chamber  and  grain 
assembly  is  illustrated  in  Figure  50. 

In  addition  to  the  above,  the  proposal  aft  closure  was  modi¬ 
fied  to  incorporate  a  carbon  phenolic  insulator  installed  over  the  centrally- 
located  piston,  the  four  exit-cone  insulators  were  slightly  changed  for  better 
retention,  and  the  pressure  tap  was  removed  and  installed  in  the  forward  head, 
as  shown  in  Figure  51.  This  location  and  pressure  tap  configuration  were  used 
in  all  subsequent  component  and  development  test  motors.  The  modified  aft- 
closure  assembly  and  the  above  chamber  and  grain  assembly  were  used  to  initial 
the  required  development  testing. 

CT-6  was  conducted  to  demonstrate  that  insufficient  insula¬ 
tion  at  the  forward  end  of  the  motor  caused  the  burn-through  experienced  in 
the  firing  of  development  motors  in  Tests  11-08  and  -09.  As  a  result,  the 
length  of  the  forward  closure  insulator  along  the  chamber  sidewall  was  length¬ 
ened  from  0.61  to  1.12  in.  to  prevent  a  recurrence  of  this  type  failure. 

The  remaining  component  tests  (CT-7  through  -16)  were  made 
primarily  as  materials  evaluation  tests  for  the  multicomponent  aft-closure 
design  and  later  the  integrally-molded  design  shown  in  Figure  49  as  configura¬ 
tions  B  and  C,  respectively. 


Page  52 

UNCLASSIFIED 


UNCLASSIFIED 

Report  AFRPL-TR-69-90 


Figure  51 


UNCLASSIFIED 


1'  orwaru  Head  Pressure  Tap  Configuration 


UNCLASSIFIED 


Report  AFRPL-TR-69-90 
II. C.  Development  Test  Results  (cont) 
a.  Component  Test  1 

The  test  objective  was  to  evaluate  grain  ballistics 
and  chamber  insulation  performance.  This  was  the  first  full-scale  motor  test 
in  the  program  and  was  conducted  at  ambient.  The  motor  was  cast  with  a  four- 
slot  grain  configuration.  At  the  bottom  of  each  slot,  the  chamber  side-wall 
insulation  of  SMR-18  was  increased  to  0.090  in.  to  withstand  exposure  to  the 
erosive  gases  for  almost  the  full  firing  duration.  A  heavyweight  test  aft 
closure  with  a  single  nozzle  and  a  bag-type  igniter  with  a  charge  of  12  gm 
of  BPN  pellets  were  used  to  expedite  early  start  of  component  testing. 

Upon  ignition,  a  higher-than-anticipated  peak  pressure 
of  2800  psi  was  recorded.  At  approximately  0.15  sec  duration,  the  erosive 
gases  cut  through  the  chamber  at  the  grain/aft-closure  interface  and  the 
entire  aft-closure  assembly  and  aft-chamber  ring  were  ejected  intact.  Erosion 
was  also  noted  on  the  chamber  sidewall  in  the  vicinity  of  the  four  propellant 
slots. 


The  cause  of  failure  was  inadequate  insulation  at  the 
grain/aft-closure  interface.  In  addition,  erosive  burning  occurred  which 
contributed  to  the  higher-than-anticipated  initial  pressure. 

b.  Component  Test  2 

The  motor  configuration  for  this  test  was  virtually  the 
same  as  CT-1,  except  that  a  reduced  igniter  charge  (6  gm)  was  used  and  the 
grain/aft-closure  interface  was  modified.  The  modification  consisted  of  trim¬ 
ming  the  aft  end  of  the  propellant  grain  adjacent  to  the  aft-chamber  insulation 
and  of  molding  into  the  trimmed  area  a  heavy  bead  of  IBS-105-4  insulation  to 
interlock  the  aft  closure  and  protect  the  grain/aft-closure  interface. 
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II. C.  Development  Test  Results  (cont) 

Upon  ignition  at  ambient,  a  high  initial  peak  pressure 
similar  to  the  first  test  was  obtained.  At  0.9  and  1.2  sec,  respectively, 
the  two  pressure  instrumentation  taps  on  the  aft  closure  were  eroded  off 
causing  the  burnout  of  the  aft-closure  assembly. 

These  firing  results  demonstrated  the  adequacy  of  the 
grain/aft-closure  interface  modification  but  revealed  the  inadequacy  of  the 
aft  pressure-tap  port  insulation  under  erosive  conditions.  The  firing  results 
also  indicated  that  the  ignition  spike  was  not  significantly  decreased  by  a 
reduction  in  igniter  charge  weight  from  12  to  6  gm  of  BPN. 

c.  Component  Test  3 

This  motor,  fired  at  ambient,  was  the  first  to  incorporate 
the  proposal  four-nozzle  aft-closure  configuration  (Figure  49).  The  aft  clos¬ 
ure/grain  joint  modification  was  further  improved  by  using  a  pre-machined  insu¬ 
lator  ring.  The  motor  was  satisfactorily  ignited  without  an  excessive  ignition 
peak  pressure  from  the  4-gm  bag  igniter.  After  approximately  0.4  sec,  the  aft 
closure  burned  through,  first  in  the  pressure  tap  area,  then  at  the  center 
piston  area,  eventually  eroding  out  most  or  the  aft  closure,  except  for  two 
nozzles.  Again,  the  aft-closure  insulation  proved  insufficient  to  withstand 
the  erosive  conditions.  In  addition,  it  was  apparent  that  obtaining  pressure 
measurements  at  the  aft  closure  was  detrimental  to  aft-closure  integrity. 

d.  Component  Test  4 

To  reduce  the  high  initial  pressures,  this  motor  was 
reworked  to  reduce  the  burning  surface  by  filling  the  aft-grain  slots  with  a 
modified  IBS-105  liner  material,  thus  resulting  in  a  tube  grain  configuration. 
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II. C.  Development  Test  Results  (cont) 

Throat  erosion  data  indicated  that  the  progressivity  of  a  tube  grain  design 
would  be  offset  by  the  change  in  the  nozzle  area.  In  addition,  the  central 
area  of  the  aft-closure  insulation  was  reinforced  by  adding  a  carbon-phenolic 
insulator  over  the  piston  to  resist  the  direct  impingement  of  erosive  gases 
from  the  motor  bore. 


The  motor  was  fired  at  ambient  with  a  5-gm  bag  igniter. 
The  aft  closure  remained  intact  for  approximately  1.9  sec,  at  which  time  the 
center  piston  assembly  area  burned  out.  In  addition,  the  insulators  of  all 
four  exit  cones  ejected  between  1.5  and  1.7  sec  after  fire  switch.  This  test 
confirmed  the  desirability  of  eliminating  the  grain  slots  and  adding  more 
insulation  in  the  central  area  of  the  aft  closure. 

Based  on  the  results  of  this  test,  the  designs  of  the 
aft-closure  insulator  and  the  exit  cones  were  modified  for  future  tests.  The 
cylindrical  bore  grain  design  was  also  adopted.  Phase  II  development  tests 
were  initiated  with  this  design. 

e.  Component  Test  6 

This  motor  was  conditioned  and  fired  at  -65°F  to  demon¬ 
strate  that  the  failures  of  development  Tests  11-08  and  09  were  due  to  insuf¬ 
ficient  insulation  at  the  forward  end  and  not  from  vibration  at  -65 °F.  The 
motor  had  the  same  forward  insulation  and  release  pattern  as  the  motors  from 
Tests  11-08  and  -09.  Like  these  two  motors,  this  motor  also  burned  through 
at  the  forward  end  where  the  forward  insulator  terminates.  As  a  result,  the 
length  of  the  forward  insulator  was  changed  from  0.60  to  1.12  in.  to  increase 
its  average  of  the  sidewall  and,  thus,  prevent  a  recurrence  of  this  type 
failure. 
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II. C.  Development  Test  Results  (cont) 

f.  Component  Test  7 

The  motor  was  fired  at  +70°F  primarily  to  evaluate  the 
performance  of  flatted  exit  cones  fabricated  from  carbon  phenolic.  Secondary 
objectives  included  fin  actuation  and  evaluation  of  carbon  phenolic  as  an 
insulation  material  for  the  aft  closure.  The  chamber  and  grain  assembly 
(Figure  50)  was  like  that  used  in  CT-6  above,  but  with  a  3-in.  long  tapered 
aft-end  insulator  of  SMR-81-15  (butyl  rubber) . 

During  firing,  the  flatted  exit  cones  of  carbon  phenolic 
eroded  away  resulting  in  loss  of  throat  insert  at  1.17  sec,  while  the  carbon 
phenolic  material  as  the  aft-closure  insulator  performed  satisfactorily.  Fins 
actuated  successfully  and  withstood  the  exhaust  well. 

g.  Component  Test  8 

This  was  the  first  unit  to  incorporate  an  integrally 
molded  aft-closure  insulator,  nozzle  inserts,  and  exit  cones.  The  throat 
inserts  were  cylinders  (0.75  in.  dia  by  0.75  in.  long)  of  ATJ  graphite,  and, 
after  molding,  the  throat  diameter  was  machined  to  0.28  in.  dia. 

The  motor  was  fired  at  70®F.  All  four  exit  cones  and 
three  throat  inserts  were  ejected  at  0.5  sec  duration.  The  expansion  of  the 
graphite  throat  inserts  during  firing  cracked  the  exit  cones  at  the  weakest 
point,  the  junction  of  the  exit  cones  and  plate. 
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II. C.  Development  Test  Results  (cont) 

h.  Component  Test  9 

Tills  test  was  conducted  after  development  Test  11-28 
and  was  made  to  evaluate  silica  exit  cones  assembled  with  the  40  mil  throat 
insert  relief  gap  potted  with  silicone  rubber.  The  test  firing  was  conducted 
at  +150°F  and  lasted  2.5  sec.  At  that  time,  the  aft  closure  burned  through 
at  the  bottom  of  the  exit  cone  circle  at  the  expansion  gap  and  the  closure 
separated  from  the  motor. 

i.  Component  Test  10 

This  test  motor  was  fired  to  evaluate  silica  phenolic 
as  an  insulation  material  for  the  integrally  molded  aft  closure.  The  throat 
insert  and  relief  gap  and  potting  material  were  the  same  as  used  in  Test  11-33. 
When  the  motor  was  fired  at  +1506F,  one  exit  cone  was  ejected  at  0.24  sec  with 
subsequent  erosion  through  closure  and  chamber  at  the  insert  expansion  gap. 

j.  Component  Test  11 

This  firing  at  +150°F  was  a  materials  evaluation  test 
conducted  with  throat  insert  material  Carbitex-700.  The  test  was  prompted 
by  the  previous  acceptable  performance  of  Carbitex  at  -65 °F  in  development 
Test  11-22  and  the  requirement  for  further  verification  of  its  acceptability 
at  the  high  temperature.  Again  Design  A-2  was  used  with  a  Nylon  paper  washer 
and  uncoated  insert  (Figure  52).  All  inserts  remained  in  place  and  no  evid¬ 
ence  of  cracking  was  observed.  Throat  erosion  at  +150°F  showed  the  same 
acceptable  amount  as  at  -65 °F. 
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II. C.  Development  Test  Results  (cont) 

The  chamber  and  grain  assembly,  including  restriction, 
was  identical  to  that  for  development  Test  11-31.  The  assembly  was  temperature 
conditioned  to  +150°F  before  firing.  Test  data  showed  that  the  ignition  peak 
pressure  was  2120  psig  vs  the  design  peak  pressure  of  1990  psig.  The  bore 
restriction  was  therefore  extended  in  later  motors  to  reduce  the  ignition 
peak  pressure  to  an  acceptable  level. 

For  this  firing,  the  aft  end  of  the  grain  was  potted 
with  IBS-105-4X,  which  replaced  the  previous  potting  material,  CS-3802  silicone 
rubber.  IBS-105-4X  was  expected  to  reduce  erosion  of  the  aft-end  insulation 
(SMR  81-15),  while  providing  aft-end  grain  restriction  and  closure-joint  seal¬ 
ing.  Examination  of  the  chamber  after  firing  showed  that  IBS-105-4X,  as  an 
insulation  potting  material,  substantially  reduced  the  amount  of  erosion  on 
the  aft-end  insulation. 

k.  Component  Test  12 

This  firing  was  a  materials  evaluation  test  conducted 
at  +150°F  with  an  integrally-molded  aft  closure  of  the  same  design  as  used  in 
development  Test  11-21  below.  The  GFM  fin-actuating  piston,  however,  devel¬ 
oped  a  leak  at  the  seal  between  the  wire  and  piston,  thus  causing  the  center 
of  the  aft  closure  to  erode  away.  To  eliminate  a  recurrence,  subsequent  aft- 
closures  will  use  fin-actuating  pistons  having  f used-glass-bead  seals  where 
the  electrical  wire  lead  enters  into  and  exits  from  the  piston.  The  average 
throat  erosion  was  about  19  mils/sec  despite  the  piston  bumthrough. 
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II. C.  Development  Test  Results  (cont) 

l.  Component  Test  13 

This  firing  made  with  a  PFRT  configuration  was  also  a 
materials  evaluation  test  conducted  at  -65°F  with  an  integrally  molded  aft 
closure  containing  Carbitex-700  throat  inserts,  but  with  Durez  insulation 
material  instead  of  MXC-313.  The  insulator  had  the  same  configuration  as 
used  in  the  previous  tests.  The  Durez  material  was  tested  in  the  interest  of 
providing  a  second  material  source.  During  the  firing,  one  Durez  exit  cone 
cracked  and  failed,  thereby  allowing  its  throat  insert  to  eject.  Inspection 
of  the  fired  aft  closure  revealed  that  material  porosity  combined  with  lack 
of  close  contact  with  the  aft  closure  shell  had  caused  the  cracking.  No 
further  test  of  this  material  was  performed. 

m.  Component  Test  14 

This  motor  was  temperature  conditioned  to  +150°F  and 
then  successfully  fired  as  a  continuation  of  the  nozzle  material  evaluation 
tests.  The  test  objective  was  to  evaluate  the  performance  of  MXC-313  aft- 
closure  insulation  material  when  transfer-molded  with  a  cure  time  of  30  min 
vs  the  present  cure  time  of  60  min.  In  all  other  respects,  the  motor  was 
the  same  as  the  PFRT  design  (Figure  1) .  Postfiring  examination  of  the  aft 
closure  indicated  that  the  amount  of  erosion  and  the  general  condition  of 
the  insulator  were  similar  to  those  exhibited  by  the  insulation  when  cured 
for  60  min. 


n.  Component  Tests  15  and  16 

TVo  additional  motors  of  the  PFRT  configuration  were 
conditioned  to  +70  and  +150®F,  respectively,  and  successfully  static  fired 
as  a  continuation  of  the  materials  evaluation  testing  of  the  MXC-313 
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II. C.  Development  Test  Results  (cont) 

aft-closure  insulation  material.  Both  motors  had  aft  closures  containing 
MXC-313  transfer-molded  with  a  cure  time  of  30  min.  Postfiring  inspection 
showed  that  the  condition  of  the  aft-closure  insulation  material  cured  for 
30  min  continues  to  compare  well  with  aft-closure  insulation  material  cured 
for  60  min.  The  firings  were  satisfactory. 

In  addition  to  material  evaluation,  the  tests  served 
to  check  the  PFRT  test  procedures,  the  Beckman  analogue  digital  computer  (ADC) 
for  recording  performance  data,  and  its  data  reduction  capability.  Results 
were  satisfactory. 

3.  Motor  Development  Tests  (Phase  II) 

Exhibit  A  of  the  contract  specified  three  series  of  15  motors 
each  to  be  fired  in  Phase  II.  By  agreement  with  the  Air  Force,  series  2  was 
reduced  to  11  tests  and  series  3  was  reduced  to  six  tests.  Four  additional  tests 
were  made.  Descriptions  of  the  motors  and  testing  are  presented  below.  Tests 
were  in  accordance  with  MIL-R-25535A,  as  required.  Ballistic  data,  test  objec¬ 
tives,  and  results  are  summarized  in  Figure  53.  Typical  firing  curves  at  -65, 
+70,  and  +150 °F  are  shown  in  Figures  10  and  11. 

Thirty-six  development  motors  were  test-fired,  12  at  -65°F, 

10  at  +70®F,  and  8  at  +150®F.  The  six  remaining  motors  were  successfully 
subjected  to  spin  tests  at  Langley.  As  shown  in  Figure  54,  environmental 
testing  included  temperature  cycling  from  -65  to  +150°F  and  endurance  vibra¬ 
tion  testing  at  the  temperature  extremes  prior  to  firing. 
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II. C.  Development  Test  Results  (cont) 

The  chamber  and  grain  assembly  for  Tests  II-l  through  11-17 
had  a  grain  support  system  wherein  the  forward  head  was  fully  released  and 
the  sidewall  was  partially  released  in  two  75  degree  strips  which  led  into 
a  6-in.  wide  band  circumferentially  released  at  the  center  of  the  motor  as 
shown  in  Figure  50.  The  motor  for  Test  11-18  incorporated  a  grain  support 
system  that  consisted  of  fully  bonding  the  grain  to  the  chamber  sidewall  and 
completely  releasing  the  grain  from  the  forward  closure.  Except  for  the 
four  motors  for  the  acceleration  tests  at  Langley  (Tests  11-24  through  -26 
and  11-32)  and  a  fully  bonded  motor  for  Test  11-36,  all  remaining  development 
motors  had  this  grain  support  system.  The  grain  support  system  was  incorporated 
into  the  PFRT  design  shown  in  Figure  1. 

The  aft  end  insulator  of  SMR-81-15  (ethylene  propylene  rubber) 
in  13  development  motors  (Tests  II-l  through  -9,  11-11  through  -13,  and  11-16) 
was  13-in.  long  and  was  increased  from  the  proposal  thickness  of  0.10  in.  by 
adding  0.04 -in.  thick  layer  of  SMR-81-15.  In  subsequent  motors,  the  insulator 
was  set  at  3  in.  in  length  and  tapering  from  an  aft  end  thickness  of  0.125  in. 
to  0.25  in.  at  the  forward  end.  Two  other  insulation  materials  (SMR-90K-18 
rubber  and  sprayed-on  IB-105-4X)  were  tested  in  this  configuration  to  evaluate 
alternative  aft-end  insulation  materials.  A  comparison  of  the  performance  of 
SMR-90K-18  in  Tests  11-10,  -13,  and  -34;  IBS-105-4X  in  Tests:  11-24,  -25,  -29, 
-31,  -33,  and  -36;  and  SMR-81-15  in  previous  tests  showed  that  IBS-104-4X 
provided  improved  erosion  resistance  at  lower  cost.  This  material  in  the  above 
insulator  configuration  was  incorporated  into  the  PFRT  motor  (Figure  1). 

In  addition  to  the  above  changes  to  the  chamber  and  grain 
assembly  shown  in  Figure  50,  three  other  changes  were  made  as  illustration  in 
Figure  55.  The  first  consisted  of  lengthening  the  forward  insulator  to  pro¬ 
vide  more  coverage  along  the  chamber  sidewall.  This  change  resulted  from  the 
chamber  bum-through  at  the  aft  end  of  the  insulator  during  Test  11-08. 
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II. C.  Development  Test  Results  (c.ont) 

Inadequacy  of  the  fore-end  insulation  was  confirmed  by  a  similar  burn-through 
in  CT-6  previously  discussed.  Further,  the  insulator  cup  was  deepened  to 
permit  easier  and  more  positive  centering  of  the  casting  core  and  the  material 
thickness  was  increased  for  added  ruggedness. 

The  other  two  changes  involved  the  aft-end  configuration  of 
the  grain.  The  bore  was  trimmed  to  provide  adequate  post  area  for  gas  flow 
around  the  aft-end  igniter,  and  the  aft-end  of  the  grain  0  D  was  trimmed  to 
accept  sufficient  potting  materia  to  better  protect  the  grain/aft-closure 
interface,  as  shown  in  Figure  55. 

As  a  result  of  excessive  erosion  of  the  aft-end  insulator 
observed  in  Tests  11-22,  11-30,  and  -31,  the  grain/aft  closure  interface  in 
Figures  55  and  56  were  changed  to  that  shown  in  Figure  57,  the  PFRT  design, 
wherein  the  IBS-105-4X  potting  compound  completely  fills  the  gap  between 
grain  and  closure  to  fully  protect  the  grain/aft-closure  interface.  This 
configuration  was  successfully  tested  in  Test  11-21  and  in  45  PFRT  motors, 
as  described  later. 

During  the  development  firings,  the  prime  insulation  candi¬ 
dates  for  the  multicomponent  aft-closure  (Figure  49,  Configuration  B)  were 
MX  4926  and  MX  4925,  with  one  unsatisfactory  test  each  of  WB  8251  and  silica 
phenolic.  Exit  cone  materials  included  MX  4926,  MX  4925,  and  silica  phenolic. 
When  the  integrally-molded  aft-closure  design  (Figure  49,  Configuration  C) 
was  adopted,  MXC-313  insulation  material  was  used  successfully  for  transfer 
molding  the  aft-closure  insulator  and  exit  cones  as  a  unit.  Performance  of 
the  material  in  test  firings  rates  highly  satisfactory.  Other  insulation 
materials  for  the  integrally  molded  aft  closure  included  WB-8517  in  one  un¬ 
successful  test  firing  and  Durez  in  four  inconclusive  test  firings. 
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II. C.  Development  Test  Results  (cont) 

For  throat  inserts,  ATJ  graphite  was  used  in  both  the  multi- 
component  and  integrally  molded  aft  closure  because  of  its  low  erosion  rate 
and  low  cost.  In  the  integrally  molded  aft  closure,  its  compressive  strength, 
however,  was  too  low  to  withstand  the  high  pressures  of  the  transfer-molding 
process,  as  evidenced  by  insert  cracking  and  ejection  during  firing.  At  that 
time,  various  candiate  throat  insert  configurations  and  materials  (Figure  52) 
were  investigated  to  overcome  the  insert  cracking  and  ejection  difficulty  and 
to  obtain  a  material  with  satisfactory  compressive  strength  for  withstanding 
the  transfer-molding  process.  Both  Fyrocarb  and  MX  4926  were  tested  but 
exhibited  unacceptable  rates  of  erosion.  Subsequently,  Carbitex  was  selected 
based  on  itc  compressive  strength  of  21,000  lb  and  its  acceptable  rate  of 
erosion  (about  18  mils/sec)  which  compares  favorably  to  ATJ  graphite  (about 
15  mils/sec).  The  design,  shown  as  Design  A2  in  Figure  52,  was  incorporated 
into  the  PFRT  motor  (Figure  1) . 

Except  for  the  first  five  firings,  wherein  a  bag-type  igniter 
installed  at  the  fore  end  of  the  motor  was  used  to  expedite  start  of  testing, 
all  remaining  development  motors  had  igniters  with  the  basic  aft-end  igniter 
configuration  shown  in  Figure  1  and  previously  described  in  Section  II.  C.  1. 

a.  Series  1 

(1)  Ambient  Temperature  Firings 
(a)  Test  11-01 

The  motor  was  fired  successfully  at  ambient 
temperature  to  confirm  basic  component  design  and  ballistic  performance. 

Nozzle  exit-cone  delamination  was  noted.  A  bag  igniter  was  used  containing 
6  gm  of  BFN  and  located  in  the  forward  end  of  the  motor. 
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II. C.  Development  Test  Results  (cont) 

The  motor  was  Insulated  with  a  forward  insu¬ 
lator  (Fiberite  4030-190)  and  an  aft-end  chamber  sidewall  insulator  (SMR-81-15) 
rubber  modified  with  an  extra  layer  of  SMR  81-15.  It  was  assembled  with  a 
closure  having  four  threaded  canted  nozzles  (Figure  49,  Configuration  A).  The 
chamber  and  grain  assembly  for  this  motor  was  essentially  as  shown  in  Figure 
50,  but  with  the  thickness  of  the  SMR  81-15  aft-end  insulator  increased  by  an 
extra  layer  of  SMR  81-15. 


(b)  Test  11-02 

This  motor,  fired  at  ambient,  was  of  the 
same  configuration  as  used  in  Test  11-01  abov-*,  except  that  a  steel  sleeve 
was  placed  around  each  exit  cone  to  control  the  delamination  noted  above. 

The  motor  was  successfully  fired  at  ambient  to  evaluate  grain  ballistics  and 
insulation  performance.  The  exit-cone  delamination  was  apparently  corrected 
by  the  steel  sleeves. 


(c)  Test  11-03 

This  motor  was  the  first  to  incorporate  an 
aft-closure  assembly  with  four  straight  nozzles  (Figure  49,  Configuration  B) . 
The  aft-closure  insulator  was  fabricated  from  WB  8251  (Avceram)  material, 
the  exit  cones  from  silica  phenolic,  and  the  throat  inserts  from  ATJ  graphite. 
The  igniter  was  the  first  aft-end  model  to  be  used  in  this  test  series.  It 
wa**  bonded  to  a  piston  cap  made  of  MX4926  and  contained  9  gm  of  BPN  pellets. 

The  motor  was  fired  at  ambient  to  evaluate 
grain  ballistics  and  insulation  performance.  At  ignition,  the  aft  closure 
was  ejected  at  1500  psi  during  ignition  because  of  a  shallow  lockwire  groove 
combined  with  chamber  ovality. 
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II. C.  Development  Test  Results  (cont) 

(2)  Temperature  Cycling  Tests 

A  total  of  four  motors  (Figure  50)  were  tempera¬ 
ture  cycled.  Subsequently,  two  motors  each  were  fired  at  -65  and  +150°F. 

(a)  Test  11-04 

This  motor  was  constructed  like  the  motor 
for  Test  11-02  above.  It  was  fired  at  -658F  and  failed  shortly  after  ignition 
because  of  a  leak  at  the  0-ring  in  the  adapter  used  for  pressure  measurement. 
This  motor  operated  normally  for  approximately  0.5  sec  before  loss  of  the 
adapter  seal  and  subsequent  burn  through  the  forward  portion  of  the  chamber 
and  bulkhead. 


(b)  Test  11-05 

This  motor  was  tested  at  the  cold  tempera¬ 
ture  (-65°F).  Reduced  test  data  showed  the  test  curve  to  be  regressive. 

This  regressivity  is  believed  to  have  been  the  result  of  the  grain  cracking 
in  the  aft  end,  possibly  on  initial  pressurization.  The  X-rays  taken  after 
temperature  cycling  had  indicated  no  cracks.  However,  the  grain  had  not  con¬ 
tracted  from  the  chamber  wall  in  the  released  areas  as  much  as  desired.  A 
process  change  was  made  to  apply  more  release  agent  in  future  motors. 

(c)  Test  11-06 

This  motor  was  insulated  like  th»  prior 
motors  of  this  series  and  assembled  with  a  canted  nozzle  closure  assembly 
which  incorporated  steel  sleeves  on  the  e;:it  cones  (Test  11-02  above).  It 
operated  well  for  the  full  duration  at  150®F. 
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(d)  Test  11-07 

This  motor  was  of  the  iame  configuration  as 
the  motor  for  Tests  11-08  and  11-09,  was  vibrated  with  them,  ard  was  intended 
for  Test  11-10.  Based  on  tl.e  firing  failures  of  11-08  and  li-09,  which 
occurred  prior  to  this  test,  it  was  decided  to  fire  the  motor  at  +150°F  after 
temperature  cycling  in  agreement  with  the  test  plan  for  the  motor  for  Test 
11-07.  Fins  attached  in  the  normal  open  position  were  tested  to  evaluate 
the  effect  of  the  exhaust  gas  stream  on  the  fin  blades.  The  motor  fired 
successfully,  with  no  adverse  effects  on  the  fins. 

(3)  Vibration  Tests 

Six  motors  (Figure  50)  were  subjected  to  vibra¬ 
tion  tests,  subsequently  three  were  fired  at  -65 °F  and  three  were  fired  at 
+150°F. 


(a)  Test  11-08 

This  motor  was  assembled  like  the  motor  for 
Test  11-17  (see  below),  except  that  the  nozzles  were  all  the  same  configura¬ 
tion.  The  motor  was  vibrated  at  -65#F  for  60  hr  prior  to  firing  at  ■65°F. 

The  chamber  burned  through  the  sidewall  after  0.275  sec  of  burning,  at  a 
point  where  the  forward  head  insulator  ends. 
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(b)  Test  11-09 

This  motor  was  of  the  same  configuration 
as  the  motor  for  Test  11-08  and  received  the  same  vibration  treatment  prior 
to  firing  at  -65°F.  The  motor  chamber  ruptured  at  ignition.  Examination  of 
the  X-rays  taken  before  firing  and  of  the  hardware  and  unburned  propellant 
indicated  that  the  grain  cracked  longitudinally  during  ignition.  The  cause 
of  failure  was  assigned  to  the  lack  of  bond-release  at  -65°F.  A  program  of 
laboratory  evaluation  of  various  release  agents  and  grain  release  design  was 
initiated.  Component  Test  6  (see  above)  was  conducted  to  verify  that  the 
failure  of  this  motor  and  of  the  motor  for  Test  11-08  was  not  due  to  the 
vibration  to  which  they  were  exposed. 

(c)  Test  11-10 

The  chamber  and  grain  assembly  of  this  motor 
was  the  same  as  that  for  Tests  11-08  and  -09  (Figure  50) ,  except  that  two  coats 
of  release  material  were  applied  to  obtain  satisfactory  release  in  the  released 
areas . 


(d)  Test  11-11 

This  motor  was  insulated  as  shown  in  Figure 
50,  but  with  the  insulator  (10-in.  band  of  SMR  81-15  rubber)  modified  with  an 
extra  layer  of  0.04-in. -thick  rubber.  It  was  released  with  one  coat  of  TC-522-1 
on  the  forward  end  in  two  70-degree  wide  strips  in  a  pattern  like  that  shown  in 
Figure  50.  This  pattern  provides  for  fore -end  venting  as  well  as  pressure 
equilibrium  in  the  vented  area.  The  chamber  assembly  was  vibrated  at  +150°F. 
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The  motor  was  fired  at  +1506F  in  a  rigid 
tube  to  simulate  launcher  eject.  It  ran  full  duration  with  good  ballistic 
data.  The  motor  had  a  straight  nozzle  closure.  The  aft-closure  insulator 
was  made  of  carbon  phenolic  and  the  exit  cones  of  silica  phenolic.  The 
igniter  was  an  aft  end  model  which  consisted  of  an  aluminum  tube  plugged 
with  plastic  foam  on  one  end,  a  Mk  1  Mod  1  squib,  and  7  gm  of  BPN  pellets. 
The  loaded  igniter  tube  was  bonded  to  a  carbon  phenolic  cap  covering  the 
piston.  The  igniter  circuit  to  the  squib  was  completed  through  a  wired 
piston.  The  silica  phenolic  exit  cones  remained  intact,  the  piston  func¬ 
tioned  properly,  and  the  simulated  launcher  eject  made  indicated  no  damage 
to  the  launch  tube.  The  igniter  was  used  in  all  subsequent  test  motors 
and  was  incorporated  into  the  PFRT  motor  with  the  added  initiator  charge  as 
discussed  previously. 


(e)  Test  11-12 

This  motor  was  of  the  same  chamber  and 
grain  design  as  the  motor  for  Test  11-11  and  was  vibrated  at  +150°F.  It 
was  assembled  with  the  "work  horse"  aft  closure.  The  closure  was  built  with 
four  threaded  canted  nozzles,  with  0. 312-in. -dia  throat  inserts.  The  aft- 
closure  insulator  and  exit  cones  were  of  carbon  phenolic.  It  was  success¬ 
fully  fired  at  +150°F  and  again  simulated  launch  tube  ejection  was  accom¬ 
plished  with  no  damage  to  the  launch  tube. 

(f)  Test  11-13 

This  chamber  was  vibrated  at  +150 °F.  The 
motor  was  fired  using  straight  nozzles.  The  aft-closure  insulator  was  silica 
phenolic  instead  of  the  previously  used  carbon  phenolic,  and  the  steel  nozzle 
sleeves  were  reduced  from  0.050  to  0.008- in.  thick.  The  silica  insulator 
functioned  properly  for  the  full  duration  as  did  the  silica  exit  cones  with 
the  0.008  in.  sleeves. 
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(4)  Flight  Acceleration  and  Spin  Tests 

Two  motors  (Tests  11-14  and  -15)  were  temperature 
cycled  and  subsequently  fired  successfully  at  ambient  temperature  in  the 
spin  fixture  at  Langley  Research  Center. 

(a)  Tests  11-14  and  -15 

The  chamber  and  grain  configuration  of  both 
motors  is  shown  in  Figure  50  with  the  long  aft-end  insulator  of  SMR  81-15 
insulation.  The  aft-closure  insulator,  exit  cones,  and  piston  cap  were  made 
of  carbon  phenolic.  The  throat  inserts  were  ATJ  graphite  machined  to  0.28  in. 
ID. 


b.  Series  2 

(1)  Ambient  Temperature  Firings 
(a)  Test  11-16 

The  chamber  and  grain  assembly  for  this 
motor  is  shown  in  Figure  50,  but  with  the  aft  end  insulator  modified  with  an 
extra  layer  of  SMR  81-15.  It  was  assembled  with  a  straight  nozzle  aft-closure 
(Figure  49,  Configuration  B).  The  aft-closure  insulator  was  made  of  MX  4925 
and  the  exit  cones  of  silica  phenolic.  Two  of  the  ATJ  graphite  throat  inserts 
were  0.5-in.  long  and  two  inserts  were  0.75-in.  long.  The  steel  sleeve  was 
installed  on  one  each  of  the  exit  cones  containing  the  short  and  long  inserts. 
The  igniter  with  9  gm  of  BPN  pellets  was  an  aft-end  model  bonded  to  a  piston 
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cap  made  of  MX  4926.  The  motor  operated  successfully  at  +70°F  for  full  dura¬ 
tion.  The  motor  hardware  remained  intact.  The  one  exit  cone  with  a  long 
throat  insert  and  no  steel  sleeve  showed  some  delamination.  However,  the 
short  insert  with  no  steel  sleeve  had  burned  off. 

(b)  Test  11-17 

This  motor  (Figure  50)  was  the  first  to  be 
tested  from  propellant  Cast  Lot  3.  This  motor  lot  was  fabricated  with  3-in.- 
long  aft-end  insulator  in  contrast  to  the  previous  motor  lot  which  was  made 
with  10-in. -long  insulators.  As  a  result  of  this  modification,  the  charac¬ 
teristic  dip  plateau  in  the  pressure-time  curve  of  previous  tests  was  eliminated. 
The  igniter  charge  was  reduced  to  7  gm  for  this  and  subsequent  tests.  Like 
motor  Test  11-16,  Test  11-17  also  had  two  short  and  two  long  nozzle  inserts 
and  the  same  steel  sleeve  set-up.  The  exit  cones,  however,  were  made  of 
carbon  fiber  phenolic  (MX  4925)  instead  of  silica  phenolic.  Postfiring 
examination  gave  results  similar  to  Test  11-16,  namely,  the  long  insert  plus 
sleeve  combination  was  best,  the  short  insert  plus  sleeve  was  next  best,  the 
long  insert  without  sleeve  next,  while  the  short  insert  without  sleeve  was 
the  least  desirable. 


(2)  Temperature  Cycling  Tests 

Four  motors  were  temperature  cycled  and  fired, 
two  at  each  temperature  extreme. 
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(a)  Test  11-18 

The  chamber  and  grain  assembly  for  this 
test  is  shown  in  Figure  55.  The  forward  insulator  was  extended  to  provide 
additional  sidewall  coverage  and  the  cup  was  made  deeper.  The  aft  insulator 
was  molded  of  SMR-81-15  into  a  3-in.  wide  band  0.1?.5-in.  thick  at  the  aft  end 
tapered  to  0.025  in.  at  the  forward  end.  Only  the  forward  insulator  was  re¬ 
leased  with  RTV  587  Silastic,  thus  making  this  unit  essentially  case  bonded, 
as  shown  in  Figure  55.  The  motor  was  assembled  with  the  "work  horse"  type 
aft  closure.  It  was  temperature  cycled  from  ambient  to  -65 °F  three  times, 
followed  by  cycling  from  +150  to  -65°F  three  times.  The  motor  was  success¬ 
fully  fired  at  -65°F. 


(b)  Test  11-19 

This  unit  was  a  duplicate  of  Test  Motor 
11-18,  above,  received  identical  environmental  treatment,  and  was  also 
successfully  fired  at  -65°F.  This  confirmed  the  capabilities  of  the  case- 
bonded  design  at  the  low  temperature  extreme. 

(c)  Test  11-20 

This  motor  had  a  case-bonded  grain  and  was 
released  only  at  the  forward  insulator  head.  The  chamber  was  insulated  with 
the  forward  insulator  and  with  an  aft  insulator  molded  of  SMR  81-15  into  a 
3-in.  wide  band  0.125-in.  thick  at  the  aft  edge  tapered  to  0.025  in.  at  the 
forward  edge.  It  was  released  at  the  forward  insulator  only,  using  RTV  587. 
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The  motor  was  temperature  cycled  three 
times  from  150  to  -65°F  in  the  following  24  hr  program:  7  hr  up  to  tempera¬ 
ture,  5  hr  soak,  7  hr  down  to  the  cold  extreme,  and  5  hr  soak  cold.  The  motor 
was  conditioned  at  +150°F  and  test  fired.  The  motor  ran  full  duration;  how¬ 
ever,  a  nozzle  insert  in  the  "work  horse"  closure  with  canted  nozzles  eroded 
through  and  the  resulting  gas  flow  burned  off  an  adjacent  exit  cone. 

Because  of  the  nozzle  failure  on  this  and 
other  motors  fired  at  about  the  same  time  an  investigation  was  initiated  to 
improve  the  nozzle  design.  Tests  of  improved  nozzle  designs  were  made  in 
component  tests  described  in  the  previous  section.  Eight  tests  were  conducted 
subsequent  to  this  test  (11-20) .  Descriptions  of  following  tests  that  were 
conducted  prior  to  this  improved  nozzle  test  will  be  noted. 

(d)  Test  11-21 

This  motor  was  temperature  cycled  from  -65 
to  +150°F  and  test  fired  at  +150°F  in  accordance  with  the  original  test  plan. 
No  grain  cracking,  unbond,  or  other  propellant  abnormalities  were  observed 
during  visual  and  X-ray  examination  subsequent  to  temperature  cycling.  This 
motor  was  also  used  as  a  nozzle  materials  evaluation  test  for  an  integrally 
molded  aft  closure.  Throat  inserts  were  Carbitex-700  and  the  insulation 
was  MCX-313  (Design  A-2,  Figure  52).  The  throat  inserts  were  not  coated 

and  a  consumable  Nylon  paper  expansion  washer  was  used.  Postfire  examina¬ 

tion  showed  no  evidence  of  insert  ejection  or  cracking  and  erosion  (about 
19  mils/sec)  was  considered  acceptable. 
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(3)  Vibration  Tests 

Six  motors  were  originally  scheduled  for  vibra¬ 
tion  tests.  As  a  result  of  agreements  with  the  Air  Force,  this  quantity  was 
reduced  to  two,  both  tests  at  -65°F. 

(a)  Test  11-22 

The  chamber  and  grain  assembly  for  this 
firing  at  -65°F  (Figure  58)  included  restriction  (0.01  in.  thick)  on  the  aft 
face  of  the  grain  and  on  3  in.  of  the  bore  ID  at  the  aft  end.  Sidewall  liner, 
IBS-105-3,  was  used  as  the  restriction  material.  Prior  to  firing,  the  chamber 
and  grain  assembly  was  temperature  cycled  from  -65  to  +150°F  and  then  vibrated 
at  -65°F  for  60  hr  as  follows:  30  hr  total  in  the  longitudinal  axis  (15  hr 
at  each  of  resonant  frequencies  of  200  and  20  cps)  and  30  hr  in  the  vertical 
axis  (15  hr  at  each  of  the  resonant  frequencies  of  200  and  20  cps).  Visual 
and  X-ray  inspection  revealed  no  bond  separations,  propellant  cracking,  or 
other  abnormalities.  The  test  aft-closure  was  installed;  the  motor  was  con¬ 
ditioned  to  -65°F  and  successfully  fired.  Test  results  showed  that  an  addi¬ 
tional  reduction  in  ignition  peak  pressure  was  needed  when  the  data  was 
extrapolated  to  the  peak  pressure  for  a  +150°F  firing. 

This  motor  was  also  utilized  as  a  materials 
evaluation  test.  It  used  a  net-molded  aft  closure  containing  Carbitex-700 
throat  inserts.  This  aft  closure  is  shown  as  Design  A-2  in  Figure  52;  the 
throat  inserts  were  uncoated  and  a  Nylon  paper  expansion  washer  was  used. 
Postfiring  examination  showed  no  evidence  of  insert  ejection  or  clacking. 
Further,  the  calculated  erosion  rate  was  17  mili/sec  which  compares  favor¬ 
ably  with  the  15  mils/sec  for  inserts  of  ATJ  graphite.  The  calculated  loss 
in  velocity  is  very  slight  with  no  apparent  less  in  range. 
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(b)  Test  11-23 

During  firing  of  this  motor  at  -65 °F  the 
expended  squib  case  came  loose  from  the  slotted  insulator  and  was  expelled 
through  one  of  the  nozzles  at  0.235  seconds  after  ignition.  The  nozzle 
throat  insert  was  ejected  at  0.92  seconds  apparently  as  a  result  of  damage 
caused  by  the  squib  case. 

(4)  Flight  Acceleration  and  Spin  Tests 

Three  motors  were  fired  at  ambient  temperature  in 
the  spin  fixture  at  Langley  Research  Center.  Two  were  temperature  cycled 
prior  to  the  firing.  The  chamber  and  grain  assembly  for  Tests  11-28  and  -29 
was  the  same  as  shown  in  Figure  58,  except  that  the  aft  end  insulator  was 
IBS-105-4X  material  sprayed  in  place  while  the  aft-closure  configuration  was 
the  same  as  shown  in  Figure  52  Configuration  B.  Test  11-26  was  conducted 
with  the  chamber  grain  assembly  shown  in  Figure  50. 

(a)  Test  11-24 

The  chamber  and  grain  assembly  was  the  same 
as  shown  in  Figure  57  except  that  IBS-105-4X  insulation  was  used  on  the  aft 
end  insulator.  It  was  considered  necessary  to  add  a  0.005 -in.  thick  shim 
to  the  lock  wire,  because  of  chamber  ovality.  The  motor  functioned  well  in 
the  spin  fixture. 


(b)  Test  11-25 

The  test  was  identical  to  the  one  above, 

including  the  lock  wire  shim.  The  motor  was  temperature  cycled  prior  to  firing. 
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(c)  Test  11-26 

The  chamber  and  grain  configuration  was  like 
that  shown  in  Figure  50.  This  motor  was  tested  in  the  centrifuge  at  ambient 
conditions  and  performed  well.  It  was  also  temperature  cycled  prior  to  firing. 

c.  Series  3 

(1)  Ambient  Temperature  Firing 

(a)  Test  11-27 

This  unit  was  assembled  with  the  longer 
(1.12  in.)  forward  insulator  (Figure  55).  This  motor  like  motor  11-18  above, 
was  released  on  the  forward  end  only,  approx^^ftely  0.75  in.  up  the  inside 
of  the  forward  insulator.  The  motor  was  fired  at  +70°F  and  was  intended  to 
be  the  Batch  Acceptance  firing  of  Cast  Lot  5  which  included  the  motors  for 
shipment  to  Eglin.  However,  on  firing,  one  nozzle  was  ejected  at  0.55  sec 
and  a  second  at  1.3  sec.  Postfiring  examination  revealed  that  the  carbon 
phenolic  parts  and  the  mating  graphite  Insert  were  assembled  to  such  a  tight 
tolerance  that  the  expansion  of  the  throat  inserts  during  firing  cracked  the 
carbon  phenolic  parts  as  in  the  net  molded  case  cited  above. 

(b)  Test  11-28 

This  motor  was  assembled  the  same  as  for 
Test  11-27  above,  except  that  a  40  mil  relief  or  expansion  gap  was  machined 
into  the  carbon  phenolic  aft-closure  insulator  abutting  the  forward  face  of 
the  throat  insert.  The  relief  gap  was  potted  with  a  soft  silicone  rubber. 

This  relief  was  to  fix  the  Eglin  aft  closures  already  assembled  like  that 
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used  for  Test  11-27.  On  firing  at  +70°F,  however,  two  exit  cones  were 
ejected  at  1  sec.  The  motor  continued  fcr  a  total  duration  of  approximately 
3  sec,  but  at  a  reduced  pressure  of  825  psig.  Apparently  the  40-mil  machined 
gap  provided  a  path  for  heat  transfer  sufficient  to  overcome  the  insulation 
barrier.  Both  carbon  phenolic  and  silica  phenolic  behaved  the  same  way. 

(See  Component  Test  9.) 


for  full  duration. 


(c)  Test  11-29 

This  motor  was  fired  successfully  at  70°F 


(2)  Temperature  Cycling  Tests 

Five  motors  were  originally  scheduled  for  tempera¬ 
ture  cycling  tests,  by  agreement  with  the  Air  Force  this  quantity  was  reduced 
to  two,  both  fired  at  -65 °F. 


(a)  Test  11-30 

The  chamber  and  grain  assembly  (Figure  58) 
was  successfully  temperature  cycled  from  -65  to  +150°F,  then  assembled  with 
the  test  aft  closure,  and  fired  at  -65#F.  Performance  of  the  propellant 
grain  and  igniter  was  generally  satisfactory;  however,  improved  tailoff  per¬ 
formance  and  reduction  of  the  ignition  peak  pressure  were  considered  nec¬ 
essary.  A  lower  ignition  peak  pressure  was  required  to  avoid  exceeding  the 
maximum  operating  pressure  (MEOP)  of  1990  psig  during  firing  at  +150°F. 
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This  firing  was  also  utilized  to  evaluate 
nozzle  materials.  A  net-molded  nozzle.  Design  A-l,  with  throat  inserts  of 
MX  4926  (Figure  52)  was  used  in  this  with  the  grain  and  chamber  assembly 
shown  in  Figure  58.  Early  selection  and  testing  were  made  to  demonstrate 
grain  and  aft-closure  integrity  in  order  to  provide  flight  delivery  motors 
in  time  to  meet  critical  flight  test  dates.  Examination  of  the  fired  aft 
closure  showed  that  the  throat  inserts  were  retained,  but  that  some  cracking 
was  evident.  As  expected,  the  throat  insert  material  exhibited  excessive 
erosion  (about  30  mil/sec  compared  to  15  mil/sec  for  ATJ).  It  was  calculated 
that  30  mil/sec  would  cause  a  reduction  in  burnout  velocity  of  175  ft/sec, 
which  is  not  satisfactory  from  a  performance  standpoint. 

(b)  Test  11-31 

The  ID  bore  restriction  for  this  test  motor 
was  increased  to  6  in.  as  a  result  of  the  data  gained  from  Test  11-22  (Figure 
58).  The  motor  was  temperature  cycled  and  then  fired  at  -65°F.  Ignition 
peak  pressure  was  deemed  satisfactory  when  extrapolated  to  the  peak  pressure 
for  a  +150*F  firing. 


This  motor  was  also  used  for  a  materials 
evaluation  test  for  throat-insert  material  Pyrocarb  458,  which  is  similar  to 
Carbitex-700.  The  material, was  evaluated  in  the  interest  of  providing  a 
second  material  source  and  lower  cost.  Design  A-2  of  Figure  52  (Nylon  washer 
and  uncoated  insert)  was  used. 


were  deleted. 


(3)  Vibration  Tests 

By  agreement  with  the  Air  Force,  these  six  tests 
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II. C.  Development  Test  Results  (cont) 

(4)  Flight  Acceleration  and  Spin  Tests 
(a)  Test  11-32 

This  test  and  motor  configuration  (Figure  50) 
was  identical  to  the  one  used  in  Test  TI-26.  The  trailing  sidewall  of  the 
chamber  on  both  the  motors  tested  in  the  centrifuge  had  a  small  burn  through 
during  tail-off  because  of  the  Coriolis  force  effect  of  planar  rotation.  This 
was  a  function  of  the  test  apparatus  and  not  the  insulation  design  and  manu¬ 
facture. 


d.  Additional  Tests 

A  total  of  four  additional  tests  were  made  to  verify 
performance  and  evaluate  components. 

(1)  Test  11-33 

The  chamber  and  grain  assembly  for  this  motor  is 
shown  in  Figure  50,  except  that  the  aft  insulator  was  IBS-105-4X  sprayed  and 
cured  in  the  chamber.  The  aft  closure  was  transfer  molded  of  WB  8517  carbon 
phenolic,  with  a  0.6  in.  diameter  tapered  graphite  insert  later  machined  to  a 
0.28  in.  throat  with  a  40  mil  expansion  gap  as  described  before.  This  was 
the  first  closure  using  tapered  inserts.  The  motor  was  fired  for  full  dura¬ 
tion  at  +150°F,  The  hardware  remained  intact  and  in  good  condition. 

This  design  provides  more  insulation;  also  the 
tapered  throat  inserts  have  more  bearing  surface  to  resist  ejection,  and 
cause  less  load  on  the  shell  portion  of  the  nozzle. 
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II. C.  Development  Test  Results  (cont) 

(2)  Test  11-34 

This  motor  was  like  that  for  Test  11-33,  except 
that  the  carbon  phenolic  transfer-molding  material  was  MXC-313.  It  was  tested 
for  full  duration  at  +150°F.  All  hardware  was  in  good  condition  after  firing. 
This  configuration  is  similar  to  the  candidate  for  PFRT  and  gave  additional 
confidence  for  the  motors  shipped  to  Eglin  AFB  for  flight  tests. 

(3)  Test  11-35 

This  chamber  was  insulated  like  that  shown  in 
Figure  50,  but  was  fully  case  bonded.  It  was  assembled  with  a  net  molded 
closure.  Carbon  phenolic,  MXC-313,  was  used.  A  built-in  relief  was  provided 
for  the  graphite  throat  insert.  This  was  accomplished  by  painting  and  curing 
Epon  913  0.25 -in.  thick  on  the  forward  face  of  the  tapered  insert.  The  motor 
was  fired  at  ambient  condition,  ran  for  full  duration,  and  all  hardware  re¬ 
mained  intact.  Postfiring  examination  showed  the  throat  erosion  to  be  very 
uniform.  This  was  attributed  to  the  tunnel  entrance  section  leading  to  the 
throats. 


(4)  Test  11-36  -  Chamber  2610 

This  was  largely  a  materials  evaluation  test  con¬ 
ducted  at  +70°F  with  an  integrally-molded  aft  closure  containing  Carbitex-700 
throat  inserts  and  MXC-313  insulation  (Design  A-2  of  Figure  52).  The  throat 
inserts  were  uncoated  and  a  consumable  Nylon  paper  expansion  washer  was  used. 
Postfiring  examination  showed  no  evidence  of  insert  ejection  or  cracking. 
Carbitex-700  exhibited  the  same  acceptable  amount  of  throat  erosion  (about 
18  mils/sec)  as  previously  experienced  at  -65  and  +150°F.  Prior  to  firing, 
the  chamber  and  grain  assembly  was  temperature  cycled  from  -65  to  +150°F. 
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II.  Technical  Discussion  (cont) 

D.  PRELIMINARY  FLIGHT  RATING  TESTS  -  PHASE  III 

1 .  General 


The  test  plan  shown  in  Figure  59  is  in  general  accordance 
with  Specification  MIL-R-25535  and  consists  of  45  motors.  Of  the  45  motors, 

18  were  only  temperature  conditioned  before  firing;  six  each  were  fired  at 
-65,  +70,  and  +150°F.  Twenty  of  the  45  motors  were  sequentially  environ¬ 
mentally  tested  and  fired;  eight  at  -65°F,  four  at  +70JF,  and  eight  at  +150°F. 
The  remaining  seven  motors  were  tested  as  follows:  three  altitude  firings, 
one  acceleration  firing,  one  acceleration  firing  with  a  temperature  gradient 
across  the  grain,  and  two  firings  with  a  temperature  gradient  across  the  grain. 
Successful  completion  of  this  testing  demonstrated  motor  readiness  to  enter 
qualification. 


Shortly  after  the  start  of  the  PFRT  environmental  testing, 
temperature  cycling  of  four  other  Improved  2.75-in.  motors  from  Cast  Lot  7 
was  initiated  as  part  of  the  propellant  characterization  work.  Routine  in¬ 
spection  of  the  motors  showed  that  the  grains  in  Motors  2706  and  2707  had 
cracked  at  gouges  and/or  deep  scratches  on  the  bore  surface  after  one  cycle 
over  the  required  temperature  range  of  -65  to  +150°F.  Investigation  revealed 
that  the  defects  were  caused  by  a  trim  tool,  which  was  inserted  into  the  bore 
to  cut  and  remove  the  liner  on  the  forward  head  insulator  exposed  to  the  bore. 
Liner  removal  in  this  area  is  necessary  so  that  the  liner  release  boot  on  the 
forward  end  of  the  grain  will  be  pressurized  upon  motor  ignition. 
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II. D.  Preliminary  Flight  Rating  Tests  -  Phase  III  (cont) 

(U)  Steps  taken  to  eliminate  a  recurrence  of  this  difficulty 

included  the  design  of  a  new  liner  trim  tool.  The  design  incorporates  a  pro¬ 
tective  sleeve  to  shield  the  tool  edges  from  the  adjacent  bore  surface  curing 
tool  insertion,  liner  cutting,  and  tool  removal.  Further,  all  PFRT  motors, 
including  the  20  motors  in  environmental  testing,  were  bore  inspected  and  re¬ 
placements  were  made  for  the  units  exhibiting  cracks,  gouges  and/or  scratches. 

(U)  All  motor  environmental  tests  and  static  firings  were  success¬ 

ful,  with  the  exception  of  one  motor  fired  at  -65°F  wherein  one  integrally 
molded  exit  cone  separated  from  the  aft-closure  and  allowed  the  loss  of  the 
Carbitex  throat  insert.  Subsequent  investigation  indicated  that  this  partial 
failure  may  have  been  partially  due  to  improper  handling  of  the  motor  or  to  a 
defect  in  the  manufacture  of  the  aft  closure. 

(U)  Ballistic  data  from  40  to  the  45  motors  provided  valid  usable 

impulse  values.  The  remaining  five  motors  were  excluded  because  four  were 
either  temperature  grandient  or  acceleration  firings,  and  the  fifth  motor  was 
invalidated  by  the  exit-cone  malfunction.  Analysis  of  the  data  from  the  40 
motors  shows  that  the  usable  impulse  comfortably  exceeds  the  specified  usable 
impulse  values  at  -65,  +70,  and  +150°F. 

(U)  A  description  of  the  environmental  tests  is  given  in  Appendix 

D.  A  computer  summary  of  the  ballistic  data,  together  with  calculated  nominal 
and  minus  one-sigma  values,  is  given  in  Figures  60  through  63,  and  computer 
printouts  of  the  ballistic  tabulations  and  performance  curves  of  43  of  the  45 
motors  are  presented  in  Figures  64  through  106.  The  remaining  two  motors  were 
acceleration  firings  at  Edwards  Air  Force  Base.  Figures  107  through  109  show 
typical  motor  conditions  before  and  after  firings. 
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Ballistic  Data  Summary  of  Gradient  Firings  (u) 
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Ballistic  Data  and  Performance  Curves,  Motor  19  (u) 


Ballistic  Data  and  Performance  Curves,  Motor  18  (u) 


CONFIDENTIAL 


Report  AFRPL-TR-69-90 


t- 


i wtwvcd  2.  "5  rrBntTiso'  com  twin  no.  nKW6n-c.;-coim  tui _ _  3397-er 


8  S' S[  S 


iEC 

L 

& 

5 

;o.  a 

fc 

1  n  n 

9 

- 

IHProvCD  2. 75  FFRfli*_iSOI  rONTlWCT  MO.  F0P4611-6^C01  m  CU*  3297-60 l -Ofl-008 


3297-08 


CONFIDENTIAL 


Report  AFRPL-TR-69-90 


Figure  72 
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Ballistic  Data  and  Performance  Curves,  Motor 
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Ballistic  Data  and  Performance  Curves,  Motor  29  (u) 
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Motor  33 
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Motor  34 
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Ballistic  Bata  and  Performance  Curves,  Mo 
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Ballistic  Data  and  Performance  Curves,  Motor  i+5 
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Ballistic  Data  and  Performance  Curves,  Motor  14  (u) 
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Figure  85 
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Ballistic  Data  and  Performance  Curves,  Motor  35  (u) 
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Ballistic  Data  and  Performance  Curves,  Motor  37  (u) 
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Ballistic  Data  and  Performance  Curves,  Motor 
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Figure  88 
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Figure  89 
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Ballistic  Data  and  Performance  Curves,  Motor 
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Ballistic  Data  and  Performance  Curves,  Motor 
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Figure  92 
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Ballistic  Data  and  Performance  Curves,  Motor  36  (u) 


and  Performance  Curve 


Ballistic  Data  and  Performance  Curves,  Motor  10  (u) 
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Ballistic  Data  and  Performance  Curves,  Motor  25  (u) 


S  rJWmBmi 

HI 

Sill 

SPiii 

Sfiilli 

SB!  Bali 

sarins: 

stsi 

itii 

mm 

IE59SESS! 

pr; 


Ballistic  Data  and  Performance  Curves,  Motor  27  (u) 


Ballistic  Data  and  Performance  Curves,  Motor  22  (u) 
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Ballistic  Data  and  Performance  Curves,  Motor 
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Figure  106 
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Typical  PFRT  Motor  Condition  and  Test  Setup  Before  Firing 
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Figure  108 
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Typical  IT’HT  Motor  Condition  After  Kirin 
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II. D.  Preliminary  Tlight  Rating  Tests  -  Phase  III  (cont) 

2.  Ballistic  Analyses 

(C)  The  PFRT  program  resulted  in  40  motor  firings  with  valid 

usable  impulse  performance  (15  at  -65°F,  11  at  +70°F,  and  14  at  +150°F,  as 
shown  in  Figures  60  through  62).  As  defined  in  the  Improved  2.75-in.  FFAR 
End  Item  Detail  Specification,  CP  30250,  usable  impulse  is  the  thrust-time 
integral  from  the  application  of  igniter  current  to  the  time  during  tailoff 
when  the  thrust  drops  to  the  values  of  430  lbf  at  +65°F;  511  lbf  at  +70°F; 
and  555  lbf  at  +150°F.  Since  a  minimum  velocity  is  required  to  be  met  at 
+70°F  only,  these  thrust  cutoff  levels  were  adjusted  to  include  the  same 
proportion  of  the  thrust-time  curve  that  would  have  been  included  had  the 
motors  been  actually  fired  at  +70°F. 

(TJ)  A  comparison  of  the  nominal  and  -3  sigma  values  of  usable 

impulse  obtained  during  the  PFRT  program  and  the  minimum  values  of  usable 
impulse  allowed  by  the  CEI  specification  is  presented  in  Figure  110.  Also 
presented  for  reference  are  the  velocity  and  slant  range  at  70°F,  which  cor¬ 
responds  to  the  various  usable  impulse  values.  These  velocities  and  ranges 
were  determined  on  an  Aerojet  trajectory  analysis  program  using  the  follow¬ 
ing  assumptions: 

/ 

1.  Launch  altitude,  4000  ft 

2.  Launch  angle,  -30° 

3.  Payload,  9.1  lb 

4.  Initial  velocity  750  ft/sec 

5.  Drag  -  as  determined  from  tests  at  Tullahoma,  Tennessee 


Page  82 


CONFIDENTIAL 


CONFIDENTIAL 


Report  AFRPL-69-90 


o* 

o 

a 

o 

<u 

0) 

<D 

0) 

M 

CO 

CO 

CO 

■"-S. 

G  O 

4-1  4-1 

4-1 

4-1 

4-1  4-1 

fn  O  < O 

4H  4-1 

4-1 

4-1 

4-1  4-1 

o  1 

O  TJ 

o 

v£> 

O 

vO  O 

<u 

o  r* 

O 

o 

+  M 

CN  \£> 

CN 

vO 

CN  vO 

G 

cn  ^ 

cn 

cn  ^ 

4J  XI 

g  ^ 

TJ  « 

(3  W 

(0  X> 

O  O 
>1  ro 
4J  C  I 
•H  O 
O 

O  TJ 
rH  aj 

a)  ca 
>  G 
js 

TJ 

a) 


•  o 
a  o*fO 
aj  a)  i 
to  (U 
i 


a 

o 

a 

0/ 

aj 

a) 

CO 

CO 

CO 

\ 

u 

U 

4J  U 

4-1  *J 

4-1 

4-1 

4-1  4-1 

4H  4H 

in 

CO 

rH  m 

rH  m 

CO 

CN  rH 

vO  ^ 

CN 

00 

cs  r* 

CN  00 

cn 

<r 

cn 

cn  ^ 

- — \ 

3 

w 

•a  to 

G  a) 

G  3 

a 

o 

o 

rH 

0) 

aj 

0) 

a)  G 

CO 

CO 

CO 

to  > 

rH 

4J 

4-1 

4J  U 

4-1  4-1 

3  a) 

4-1 

4-1 

4-1  44 

4H  4H 

a.  oo 
B  c 
H  G 

vO 

O 

vO  O 

v£>  O 

CN 

in 

rH  CN 

cn  m 

0* 

cn 

o 

cn  O 

CN  O 

4) 

CO 

m 

cn  m 

cn  m 

rH  TJ 

x>  c 

G  G 
to 

3  f s 

vO 

ON 

4J 

av 

o 

o 

•  -rl 

vD 

G  cj 

rH 

rH 

rH 

•rl  O 

rH  •  O  ro 

00 

3  to  tn  in 

rH 

m 

a  xa  I  r" 

r* 

BO'-'  rH 

rH 

rH 

G  •  in 

in 

vO 

tol  B  o\ 

ON 

O 

Ol  O  1^ 

rs 

00 

55  rH 

rH 

rH 

>*H  M  >*H 

O  3i 

U  M  rH 


00  * 

G  • 

•h  ah 

-H  41 

h-  H 


Figure  110 


CONFIDENTIAL 


CONFIDENTIAL 


Report  AFRPL-TR-69-90 

II. D.  Preliminary  Flight  Rating  Tests  -  Phase  III  (cont) 

(C)  Although  these  calculations  indicated  that  the  minimum  -3 

sigma  velocity  and  range  values  of  the  Improved  2.75  Motor  would  meet  the 
required  minimum  velocity  of  3600  ft/sec  and  slant  range  of  5000  ft,  respec¬ 
tively,  flight  tests  have  indicated  that  actual  performance  equals  or  exceeds 
these  originally  required  values.  In  the  absence  of  flight  data,  it  is  sur¬ 
mised  that  the  following  may  be  the  cause  of  this  discrepancy: 

1.  Thrust  velocity  higher  than  predicted 

2.  Launch  altitude  higher  than  prediction 

3.  Payload  weight  lighter  than  specified 

4.  Imprecise  drag  values 

5.  Possible  test  inaccuracies 

(C)  As  shown  in  Figure  60,  the  15  firings  at  -65°F  produced  a 

mean  value  of  usable  impulse  of  1795  lbf-sec  with  a  lower  3-sigma  limit  of 
1753  lbf-sec,  which  is  considerably  above  the  required  lower  limit  of  1697 
lbf-sec.  The  11  firings  at  +70°F  showed  a  mean  value  of  usable  impulse  of 
1795  lbf-sec  (Figure  61)  with  a  lower  3-sigma  limit  of  1718  lbf-sec.  This  is 
in  excess  of  the  minimum  requirement  of  1706  lbf-sec.  The  14  firings  at  +150°F 
produced  a  mean  value  of  usable  impulse  of  1806  lbf-sec  (Figure  62)  and  a  lower 
3-sigma  limit  of  1754  lbf-sec,  which  is  substantially  above  the  required  lower 
limit  of  1709  lbf-sec. 

(C)  As  can  be  seen,  the  +70°F  firings  closely  approach  the  lower 

specification  limit.  This  is  due  to  the  larger  standard  deviation  of  25.6 
lbf-sec  at  +70°F  as  compared  to  the  deviations  of  14.0  and  17.4  lbf-sec  at 
-65  and  +150°F,  respectively.  A  possible  explanation  for  this  larger  devi¬ 
ation  is  that  the  +706F  motors  were  selected  from  five  cast  lots,  whereas 
the  -65  and  +150°F  motors  were  selected  from  three  cast  lots.  Thus,  the  +70°F 
motors  would  be  subject  to  more  variability. 
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II. D.  Preliminary  Flight  Rating  Tests  -  Phase  III  (cont) 

3.  Nozzle  Failure  Investigation  and  Analysis 

All  motors  were  successfully  temperature-conditioned  and 
static-fired,  with  the  exception  of  Motor  26  (S  N  11-06)  at  -65°F  (firing  041, 
Figure  103).  In  this  unit,  one  of  the  integrally  molded  exit  cones  separated 
from  the  aft-closure,  thereby  allowing  the  Carbitex  throat  insert  to  be  lost 
at  about  1.3  sec  after  fire  switch.  Motor  ignition  and  ballistic  performance 
up  to  the  time  of  throat  loss  indicate  normal  motor  operation  as  shown  by  the 
performance  curves  in  Figure  103. 

A  subsequent  investigation  showed  that  the  aft-closure  of 
Motor  26  had  been  assembled  to  the  chamber  with  a  strap  wrench.  This  tool, 
which  was  used  to  grasp  and  rotate  the  aft  closure  for  inserting  the  lock 
wire,  was  later  found  to  be  the  cause  of  exit-cone  breakage  during  disassembly 
of  another  aft  closure.  The  strap  wrench  was  replaced  by  a  new  tool  that 
eliminated  this  possible  source  of  exit-cone  damage. 

Motor  26  was  successfully  environmentally  tested.  It  was 
then  conditioned  to  -65°F,  transported  by  truck  to  the  test  bay,  with  its 
aft  end  resting  on  the  edge  of  the  crate,  and  installed  on  the  test  stand. 

The  motor  did  not  ignite  and  was  returned  to  the  manufacturing  area  for  dis¬ 
assembly.  The  aft  closure  was  removed  from  the  motor  with  the  new  tool  and 
examination  of  the  igniter  showed  that  the  GFM  Mark  I  squib  had  fired,  but 
could  not  initiate  the  igniter  pyrotechnic  train  because  the  squib  did  not 
contain  the  required  black  powder  initiating  charge.  The  fired  squib  was 
removed  with  a  drill  press  that  was  manually  operated  remotely.  A  new  squib 
and  igniter  was  installed.  The  aft  closure  was  returned  to  the  manufacturing 
area,  assembled  to  the  chamber  with  the  new  tool,  and  transported  to  the  test 
area.  The  motor  was  then  conditioned  to  -65°F,  transported  by  truck  to  the 
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II. D.  Preliminary  Flight  Rating  Tests  -  Phase  III  (cont) 

test  bay,  with  its  aft  end  again  resting  on  the  edge  of  the  crate,  and  in¬ 
stalled  on  the  test  stand.  The  motor  successfully  ignited  at  fire  switch 
and  operated  normally  until  the  exit  cone  separated  and  the  throat  insert  was 
lost  at  about  1.3  sec  after  the  fire  switch. 

Considering  the  circumstances  discussed  above,  it  was  initially 
believed  that  the  excessive  handling  of  this  unit  before  firing  was  the  sole 
cause  of  the  exit  cone  failure.  However,  investigations  of  a  subsequent  nozzle 
failure  indicate  that  a  closure  molding  problem  was  very  possibly  a  contribut¬ 
ing  factor. 


Subsequent  to  completion  of  the  PFRT  program,  lot  qualifica¬ 
tion  motor  S  N  17-119  lost  three  exit  cones  and  throat  inserts  during  firing. 
The  closure  (S  N  86 D)  was  sectioned  to  ascertain  the  cause  of  failure  and  a 
photograph  of  one  of  the  failed  nozzles  is  presented  in  Figure  111.  A  cross 
section  of  the  one  remaining  intact  nozzle  is  shown  in  Figure  112.  Examina¬ 
tion  of  these  photographs  shows  that  the  MXC-313  molding  compound  was  a  fiber 
flow  pattern  which  is  perpendicular  to  the  nozzle  center  line  in  the  area  of 
the  nozzle-sleeve/steel  housing  interface.  This  perpendicular  fiber  orienta¬ 
tion  is  caused  by  leakage  of  the  molding  compound  through  the  gap  between  the 
housing  and  the  sleeve,  as  evidenced  by  the  buildup  of  material  on  the  aft 
face  of  the  housing.  The  fibers  tend  to  align  themselves  with  the  flow  direc¬ 
tion  of  the  molding  compound. 

The  perpendicular  fiber  orientation  provides  little  strength 
and  is  an  area  of  potential  failure.  As  shown  in  Figure  111,  the  failure 
appears  to  be  perpendicular  to  the  nozzle  centerline.  The  rather  straight 
surface  is  representative  of  a  failure  between  fibers,  rather  than  across 
fibers.  The  potential  failure  mode  can  be  seen  in  Figure  112  by  the  cracks 
from  the  throat  insert  to  the.  aft  end  of  the  steel  housing  on  both  the  I  D 
and  0  D.  The  cracks  follow  the  fiber  alignment,  which  is  approximately  per¬ 
pendicular  to  the  nozzle  centerline. 
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Mag:  3\ 


Cross  Section  of  Nozzle  No.  3  S/N  861  Showing  the  Point  of 
Failure  in  the  MXC  313  Molding  Compound  (Mag:  3X) 


Figure  111 
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Mag :  3X 


Cross  Section  of 
the  Region  of 


Nozzle  No.  2  Showing  the  Fiber  Alignment  in 
the  Taper  on  the  Throat  Insert  (Mag:  3X) 


Figure  112 
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II. D.  Preliminary  Flight  Rating  Tests  -  Phase  III  (cont) 

To  further  the  investigation,  an  unfired  closure  assembly 
(S  N  1203)  having  a  thick  buildup  of  moulding  compound  on  the  aft  end  of  the 
center  post  was  sectioned  and  photographed.  The  parts  were  examined  to  deter¬ 
mine  the  major  fiber  alignment  pattern  in  the  moulding  compound  aft  of  the 
throat  insert  and  adjacent  to  the  steel  housing.  Figures  113  and  114  show 
the  difference  in  fiber  alignment  for  two  of  the  four  nozzles. 

Figure  113  shows  the  fiber  alignment  adjacent  to  the  sleeve/ 
housing  interface  on  the  center-post  side  of  the  nozzle  to  be  generally  per¬ 
pendicular  to  the  nozzle  centerline .  The  alignment  on  the  0  D  is  generally 
random,  with  less  tendancy  to  align  perpendicularly.  Also  noted  is  the  fact 
that  the  buildup  of  molding  compound  on  the  ai  t  face  of  the  center  post  is 
significant  (0.025  in.)  ,  while  the  buildup  on  the  0  D  is  minor.  The  build¬ 
up  of  molding  compound  on  the  center  post  adjacent  to  the  second  nozzle 
(Figure  114)  is  about  0.012  in.  and  the  fiber  alignment  is  more  random.  The 
lower  flow  did  not  produce  a  predominately  perpendicular  flow  pattern.  A 
crack  starting  at  the  I  D  of  the  nozzle  would  have  to  propagate  through 
fibers  rather  than  between  them  in  this  nozzle. 

Figure  115  clearly  shows  the  cause  of  the  poor  fiber  align¬ 
ment.  The  molding  compound  has  moved  through  the  opening  between  the  steel 
sleeve  and  the  steel  housing.  To  the  right  of  this  opening,  the  fiber  align¬ 
ment,  as  shown  by  the  concentration  of  white  lines,  is  almost  parallel  to  the 
direction  of  flow.  Also  shown  in  Figure  115,  is  a  line  of  voids  and/or  a 
separation  extending  at  an  angle  of  about  30’  from  the  perpendicular. 


Page  86 

UNCLASSIFIED 


Map:  3X 


Nozzle  No.  4  S/N  1203  Showing  Carbon  Fiber  Alignment 
Patterns  of  the  MXC  313  Molding  Compound  (Mag:  3X) 


Figure  113 
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Map :  3X 


Nozzle  No.  2  S/N  1203  Showing  Fiber  Alignment  Patterns  More 
Randomly  Oriented  Aft  of  the  Throat  Insert  (Mag:  3X) 


Figure  114 
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Mag:  100X 


Photomicrograph  of  Fiber  Alignment  Adjacent  to  the  Opening 
Between  the  Sleeve  and  the  Steel  Housing,  S/N  1203  (Mag:  100X) 
(The  white  area  in  the  top  left  is  the  steel  centerpost) 


Figure  115 
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II. D.  Preliminary  Flight  Rating  Tests  -  Phase  III  (cont) 

As  a  result  of  this  investigation  it  was  concluded  that 
improper  fiber  alignment  aft  of  the  throat  insert  was  the  primary  cause  of 
the  failure  of  three  nozzles  of  motor  S  N  17-119  and  further,  that  this  im¬ 
proper  alignment  was  caused  by  extrusion  of  the  molding  compound  between  the 
steel  nozzle  sleeve  and  the  steel  housing  during  the  manufacturing  process. 

It  is  also  possible  that  this  problem  was  a  contributing  factor  to  the  fail¬ 
ure  of  one  nozzle  on  PFRT  motor  26  (S  N  11-06). 

To  ensure  that  failures  of  this  type  do  not  reoccur,  the  aft 
closure  design  has  been  modified  by  lengthening  the  steel  nozzle  sleeve  so 
that  it  extends  into  the  I  D  of  the  hole  in  the  steel  housing,  thus  prevent¬ 
ing  the  extrusion  of  molding  compound  between  these  two  parts. 

4.  Squib  Failure  Investigation 

In  addition  to  the  squib  failure  described  above,  ignition 
system  difficulties  were  encountered  in  five  other  PFRT  motors.  The  ignition 
circuits  in  all  five  motors  showed  no  continuity  when  checked  prior  to  firing. 
In  all  cases,  the  grounding  clip  provided  no  connection  to  ground.  In  one 
motor,  this  difficulty  was  compounded  by  lack  of  continuity  through  the  squib, 
which  was  subsequently  replaced.  To  provide  a  positive  ground,  the  ground 
lead  from  the  igniters  in  these  five  motors  was  soldered  to  the  plate  prior 
to  firing.  In  future  motors,  the  grounding  clip  will  be  soldered  to  the 
plate  to  provide  a  positive  ground  connection. 

5.  Resonant  Burning  Investigation 

During  six  quality  assurance  firings  for  Cast  Lot  13  delivery 
motors  two  of  the  motors  exhibited  resonant  burning  with  D  C  shifts  of  790 
and  960  psi,  respectively.  The  D  C  shifts  occurred  at  0.48  sec  in  the  motor 
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fired  at  -65°F  and  at  0.46  sec  in  the  motor  fired  at  +70°F.  Postfiring 
examination  showed  the  hardware  to  be  intact  and  in  normal  condition,  except 
for  excessive  erosion  of  the  1BS-105-4X  potting  material  and  aft-end  insu¬ 
lator  at  the  grain/aft-closure  interface.  This  ballistic  anomaly  led  to 
assignment  of  Cast  Lot  13  motors  to  ground-launch  tests  rather  than  air-launch 
tests. 


Subsequently,  six  additional  motors  from  Cast  Lot  13  were 
successfully  static  fired.  No  ballistic  anomalies  were  noted  nor  did  post¬ 
firing  examination  reveal  any  abnormal  erosion  of  the  potting  material.  In 
these  six  motors,  the  potting  material  was  cured  for  a  minimum  of  36  hr  at 
+135°F  as  compared  to  the  previously  used  minimum  cure  time  of  12  hr.  Accord¬ 
ingly,  process  instructions  were  changed  to  require  a  minimum  cure  time  of 
36  hr  for  all  subsequent  motors.  In  addition,  particular  care  was  taken  to 
assure  that  no  potting  material  is  deposited  in  the  grain  bore  nor  overlaps 
the  aft  end  of  the  bore  in  any  way  that  might  alter  the  gas  flow  characteristics. 
Since  that  time  (mid  September) ,  more  than  50  static  tests  have  been  performed 
with  various  lots  of  motors  with  the  36-hr  potting  cure  time.  No  indication 
of  resonant  burning  was  observed. 

E.  HAZARD  CLASSIFICATION  TESTING 

Hazard  classification  tests  were  performed  with  eight  Improved 
2.75-in.  FFAR  rocket  motors  in  accordance  with  T.O.  11A-1-47.  The  results 
confirmed  that  the  Improved  2.75-in.  motor  properly  belongs  to  the  class  of 
explosives  that  will  burn  but  not  detonate. 

The  eight  motors  ware  tested  for  Aerojet  by  Ogden  Technology 
Laboratories,  Inc.,  Beaumont,  California.  The  motors  were  subjected  to  the 
following  tests: 
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1.  Two  motors  were  subjected  to  external  heat  from  burning 
lumber  soaked  with  JP4  fuel. 

2.  Two  motors  were  subjected  to  bullet  impact  from  a  0.50  cali¬ 
ber  gun  located  100  ft  away. 

3.  Two  motors  were  subjected  to  Penolite  booster  charges  initi¬ 
ated  with  engineer's  blasting  caps. 

4.  Two  motors  were  dropped  from  a  height  of  40  ft  onto  a  con¬ 
crete  pad. 

All  the  above  tests  were  passed  satisfactorily.  A  detailed  report 
of  the  above  tests  was  submitted  as  a  separate  Aerojet-General  report. 

F.  MANUFACTURING 

Motor  manufacturing  operations  for  Phases  I  through  IV  of  the 
Improved  2.75-in.  FFAR  program  were  completed  in  August  1968  after  a  13-month 
program.  During  this  time,  adequate  information  was  gained  through  studies, 
tests,  and  operations  to  prepare  for  mass  production  of  the  motor.  All 
planning  from  the  program  inception  was  directed  toward  the  mass  production 
goal,  and  manufacturing  of  motors  through  the  program  was  performed  with 
equipment  adaptable  to  mass  production  as  much  as  practical.  Figure  116  pre¬ 
sents  a  list  of  direct  tooling  together  with  tooling  drawing  number,  tool 
title,  quantity,  and  pertinent  comments. 

This  section  summarizes  the  studies  and  manufacturing  operations 
performed  throughout  the  program. 
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Figure  116 
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II. F.  Manufacturing  (cont) 

1.  Optimum  Manufacturing  Technique  Trade-Off  Studies 

Trade-off  studies  to  determine  optimum  manufacturing  tech¬ 
niques  for  the  Improved  2.75-in.  FFAR  motor  commenced  early  in  the  program 
and  were  maintained  current  through  the  development  and  PFRT  phases.  As  a 
foundation  of  the  studies,  various  process  and  handling  methods  for  the  pro¬ 
posed  motor  were  defined  which  appeared  to  have  potential  for  adoption  to 
mass  production.  These  methods  were  than  analyzed  to  determine  the  most 
economical  production  methods  for  various  production  rates  and  a  final  base 
method  was  selected.  Sketches  of  the  equipment  envisioned  for  support  of  the 
manufacturing  method  were  then  made  ard  were  maintained  current  throughout 
the  program  as  motor  design  and  manufacturing  method  improvements  were  made. 
These  sketches  have  been  assembled  into  a  booklet  titled  Improved  2.75  FFAR 
Motor  Manufacturing  Plan,  25,000  to  100,000  Units/Month  ,  which  was  published 
in  June  1968. 


2.  Manufacturing  Method  Studies 

Because  one  of  the  objectives  of  this  program  was  to  test 
and  prove  out  concepts  for  mass  production  equipment,  it  was  necessary  to 
develop  equipment  and  operating  techniques  for  most  of  the  manufacturing 
operations.  The  major  studies  performed  in  development  of  the  equipment  and 
techniques  are  summarized  as  follows; 

a.  Release  Application 

Initial  designs  of  the  motor  included  longitudinal  and 
circumferential  band  grain  release  patterns  which  were  applied  to  the  chamber 
sidewall  to  provide  stress  relief  of  the  grain  at  low  temperatures.  Since 
no  method  for  application  of  the  release  material  in  the  patterns  required 


Page  90 

UNCLASSIFIED 


UNCLASSIFIED 


Report  AFRPL-TR-69-90 
II. F.  Manufacturing  (cont) 

was  immediately  known,  studies  were  performed  to  determine  possible  methods 
and  to  determine  the  optimum  method  of  those  proven  feasible.  Results  of 
the  studies  showed  that  wiping  of  the  release  onto  the  chamber  by  use  of 
felt  wicks  appeared  the  best  of  several  methods  tested  and  several  motors 
were  made  early  in  the  development  program  by  this  method.  Changes  in  the 
motor  design  were  subsequently  made  which  eliminated  the  release  pattern 
requirements,  and  the  studies  were  abandoned. 

b.  Liner  and  Insulation  Application 

Application  of  liner  and  insulation  to  the  chamber 
interior  proved  to  be  one  of  the  largest  problems  in  the  manufacturing  method 
studies.  Initially,  contact  was  made  with  several  commercial  spray  equip¬ 
ment  companies  to  determine  if  the  liner  and/or  insulation  materials  could 
be  sprayed  by  commercial  equipment.  The  tests  made  by  these  companies  all 
indicated  that  the  material  could  not  be  sprayed.  It  was  then  assumed  that 
the  material  could  be  applied  best  by  trowelling  and  several  motors  were 
produced  by  this  method.  However,  since  spraying  of  the  liner  and  insulation 
was  believed  the  optimum  production  method  if  equipment  could  be  developed, 
studies  along  this  line  were  continued.  After  approximately  2  months  from 
the  start  of  the  program,  a  mechanism  was  developed  which  would  spray  the 
material.  With  this  equipment,  tests  were  performed  to  determine  operating 
parameters  for  spray  application  of  the  liner  and  insulation  materials.  The 
existing  production  prototype  spraying  equipment  was  then  designed  based  on 
the  results  of  the  tests  performed.  Both  the  liner  and  insulation  are  now 
sprayed  into  the  chamber,  meeting  specified  dimensions. 
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II. F.  Manufacturing  (cont) 

c.  Propellant  Casting 

Volumetric  discharge  of  propellant  through  a  bayonet 
into  an  evacuated  chamber  was  the  proposed  motor  casting  method  and  the  ori¬ 
ginal  casting  equipment  was  fabricated  for  this  method.  However,  studies 
performed  with  this  equipment,  using  inert  propellant,  showed  that  the  bayonet 
was  not  required  and  that  better  quality  motors  could  be  produced  by  extruding 
the  propellant  into  the  evacuated  chamber  through  a  screen.  Modifications 
were  then  made  to  the  casting  equipment  to  accommodate  the  results  of  these 
studies  and  to  include  hydraulic  power  for  the  machine  operation.  The  initial 
motors  cast  with  live  propellant  using  this  fixture  were  of  satisfactory  quality 
and  were  utilized  in  Phase  II  of  the  program.  However,  the  second  group  of 
motors  cast  with  the  fixture  were  of  very  poor  quality.  Additional  studies 
were  performed  on  the  subsequent  lot  for  determination  of  optimum  operating 
parameters  when  using  live  propellant,  and  the  existing  operating  limitations 
were  established.  Motors  of  good  quality  are  now  consistently  produced  with 
this  equipment. 


3.  Value  Engineering  Studies 

A  review  of  the  motor  design  and  manufacturing  requirements 
for  areas  of  maximum  potential  cost  reduction  was  made  early  in  the  program. 
As  a  result  of  this  review,  the  following  Value  Engineering  studies  were 
selected  and  performed: 

a.  Core  Release  System 

Because  of  the  potential  for  mass  production  of  the 
motor,  it  was  imperative  that  a  low  total  cost  core  release  system  be  found. 
Several  candidate  release  materials  and  systems  Jere  studied  and  tested  to 
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determine  the  lowest  cost  system  compatible  with  the  propellant  formulation. 
The  material  finally  selected  as  a  result  of  the  studies,  DC  92009  with  a 
DC-11  dip  coat,  showed  a  savings  of  $127,000  on  a  300,000  unit  program  over 
the  next  best  material,  fused  Teflon  with  the  DC-11  dip  coat. 

b.  Propellant— G^ain  Stress  Relief  System 

This  study  was  performed  to  determine  the  lowest  cost 
release  material  and  process  for  use  as  grain  stress  relief  in  the  chamber. 
Again,  several  materials  were  tested  and  a  final  material  was  selected. 
However,  prior  to  completion  of  the  studies,  the  motor  design  was  changed 
whereby  the  release  system  was  not  required.  The  Value  Engineering  study  was 
therefore  cancelled  prior  to  completion. 

c.  Chamber  Insulation  Bonding 

The  initial  2.75  FFAR  motor  design  required  bonding  of 
insulation  into  the  chamber  by  use  of  epoxy  based  adhesives.  Because  of  the 
costs  associated  with  this  adhesive  system,  this  operation  was  selected  as  a 
Value  Engineering  study.  Several  alternative  materials  and  processes  were 
tested  in  this  study  with  the  chamber  liner  material  being  selected  as  the 
least  expensive  of  the  acceptable  alternatives.  As  a  result  of  the  study,  a 
savings  of  approximately  $4,900  would  be  made  on  a  300,000  unit  program. 

d.  Spraying  of  Aft  Insulation  in  Chamber 

The  initial  motor  design  required  use  of  a  premolded 
rubber  insulator  part  in  the  chamber.  Because  of  the  fabrication,  handling, 
and  installation  costs  associated  with  this  design,  insulating  of  the  chamber 
was  selected  for  a  Value  Engineering  study.  Several  materials  and  applica¬ 
tion  methods  were  considered  for  use  in  the  chamber  to  minimize  the  unit  cost. 
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Of  all  the  materials  and  processes  evaluated,  the  spraying  of  insulation 
appeared  the  most  economical,  because  spraying  operations  are  readily  adap¬ 
table  to  automated  processing,  and  the  base  material  was  the  least  costly. 
Initially,  in  the  study,  the  spraying  of  insulation  was  not  feasible  because 
of  the  insulation  configuration.  However,  design  changes  were  implemented 
which  made  the  operation  practical.  As  a  result  of  this  study,  an  estimated 
savings  of  $198,000  can  be  realized  on  a  program  of  300,000  units. 

4.  Miscellaneous 


During  this  program,  chambers  have  been  received  from  two 
vendors  and  significant  variations  have  been  noted.  Two  types  of  chambers 
were  received  from  Norris  Thermador  Corporation,  all  identified  with  one  lot 
number,  but  with  very  significant  variations.  One  type  of  chamber  was  found 
to  be  oval  shaped  and  most  of  these  had  discrepant  lockwire  grooves.  The 
other  type  of  chamber  was  found  to  be  the  best  of  any  delivered  by  either 
vendor.  Alcoa  manufactured  chambers  were  found  to  be  somewhat  heavier  than 
the  Norris  chambers,  having  a  greater  wall  thickness.  The  propellant  weight 
on  motors  from  these  chambers  was  therefore  less,  and  the  inert  weight  greater, 
than  motors  made  using  the  Norris  Thermador  chambers.  Chambers  from  either 
vendor  were  processed  interchangeably  with  no  significant  problems  noted. 
However,  the  oval  Norris  Thermador  chambers  were  not  satisfactory  in  test 
firings  and  after  a  brief  period  of  usage  were  eliminated  from  the  program. 
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5 .  Motor  Manufacturing 

a.  Phase  II  Motors 

Manufacture  of  motors  on  Phase  II  of  the  program  com¬ 
menced  in  September  of  1967.  The  first  group  of  units  was  insulated  with  SRM 
81-15  rubber  and  utilized  a  four-fin  core.  Test  firing  of  these  units  re¬ 
vealed  an  erosive  burning  problem  such  that  the  core  fins  were  not  required. 
The  second  lot  of  units  was  processed  with  a  cylindrical  bore.  Processing 
of  these  units  was  completed  in  October  of  1967,  but  radiographic  inspection 
of  the  units  revealed  a  bond  failure  problem  between  the  propellant  and  liner 
in  some  of  the  units.  Initial  investigation  of  the  problem  indicated  that 
inadequate  chamber  release  had  been  applied;  therefore,  the  application  method 
and  amount  of  release  was  changed,  and  motors  of  Lot  3  were  started  in  Nov¬ 
ember.  Radiographic  inspection  of  the  Lot  3  units  in  December  indicated  all 
units  acceptable. 


Concurrent  with  the  manufacture  of  the  Lot  3  motors, 
firings  of  the  Lot  2  motors  indicated  a  problem  with  the  grain  stress  relief 
design.  The  Lot  A  motors  were,  therefore,  processed  without  the  relief  pat¬ 
terns  except  that  three  motors  had  the  forward  grain  face  released.  After 
processing,  radiographic  inspection  of  the  Lot  A  motors  in  January  of  1968 
revealed  that  the  fully  bonded  units  had  propellant-liner  bond  failure  at  the 
forward  end  while  the  grains  with  the  forward  face  released  were  acceptable. 
Two  of  the  acceptable  Lot  A  motors  were  then  successfully  fired  at  -65°F 
during  January  of  1968. 

Based  on  the  results  of  the  Lot  A  motors,  the  Lot  5 
units  were  manufactured  in  January  1968  for  shipment  as  flight  test  units. 
Following  this,  processing  of  the  Lot  6  units  was  started  with  completion 
occurring  in  February  1968. 
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After  the  propellant-liner  bond  failure  noted  in  the 
Lot  4  motors,  studies  were  performed  to  determine  effects  of  liner  cure  time 
and  temperature  on  the  propellant-liner  bond  strength.  These  studies  showed 
that  a  much  stronger  bond  could  be  obtained  with  a  lower  temperature  liner 
cure  for  a  shorter  time.  The  Lot  6  motors  were,  therefore,  processed  with 
the  reduced  liner  cure.  Additionally,  the  cure  temperature  of  the  propellant 
was  reduced  to  reduce  the  stresses  on  the  grain  at  -65°F.  Motors  from  this 
lot  successfully  passed  up  to  34  cycles  from  -65  to  +150°F. 

Completion  of  the  Lot  6  unLts  in  February  basically 
completed  Phase  II  of  the  program,  and  no  motors  were  made  during  March  of 
1968  while  the  PFRT  motor  design  was  being  finalized. 

b.  PFRT  Motors 

Processing  of  motors  for  PFRT  commenced  in  April  of  1968 
with  manufacture  of  the  Lot  7  motors.  These  units  were  the  first  cast  with 
the  production  prototype  casting  fixture.  Most  of  the  units  were  used  as 
Phase  II  development  motors.  The  second  group  of  motors,  Lot  8,  for  the  PFRT 
Phase  were  processed  in  April  and  May  of  1968.  Radiographic  inspection  of 
the  Lot  8  units  revealed  a  severe  grain  void  problem  caused  by  the  casting 
fixture  operating  techniques.  Lots  9  and  11  were  cast  in  June  of  1968  in 
a  vacuum  bell  to  ensure  acceptable  motors  for  PFRT  testing,  while  the  Lot  10 
motors  were  cast  by  use  of  the  casting  fixture.  Tests  were  made  during  the 
casting  operation  of  Lot  10  whereby  the  casting  fixture  operating  limits 
were  established  for  use  in  casting  of  Lot  12  and  subsequent  lots. 
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Concurrent  with  inert  processing  of  the  Lot  12  motors 
in  June  1968,  small  grain  cracks  were  discovered  in  motors  of  Lot  7  which 
were  being  temperature  cycled.  Borescope  inspection  of  the  Lot  7  motors  re¬ 
vealed  that  the  cause  of  the  grain  cracks  was  score  marks  made  on  the  bore 
surface  by  defective  tooling  during  cutting  of  the  forward  boot.  Since  the 
boot  cutting  operation  had  been  performed,  using  this  tool,  on  motors  of 
Lots  9,  10,  and  11,  a  l?rge  portion  of  these  motors  were  rejected.  For¬ 
ward  boot  cutting  on  the  Lot  12  units  was  performed  with  new  tooling  which 
could  not  score  the  grain  bore. 

Motors  for  the  PFRT  program  were  selected  from  Lots  7 
through  12  during  July  1968. 

c.  Delivery  Units 

Motors  for  this  phase  of  the  program  were  selected  from 
Lots  10,  11,  12,  13  and  14.  Lot  13  was  manufactured  in  July  of  1968  and  Lot 
14  in  August.  Each  of  these  two  lots  contained  175  units  which  is  the  current 
maximum  weekly  production  capacity.  No  significant  problems  were  encountered 
in  manufacture  of  the  final  three  lots  of  motors  on  the  program. 

To  ensure  capability  of  mixing  large  batches  of  the 
propellant  formulation  as  would  be  required  on  a  production  contract,  a  6000 
-lb  propellant  batch  was  mixed  for  casting  of  the  Lot  13  motors.  Two 
batches  of  this  size  would  be  required  per  day  in  producing  motors  at  a  rate 
of  25,000  units/month.  The  Lot  10,  12,  and  14  motors  were  cast  from  2000-lb 
propellant  batches  and  the  Lot  11  motors,  as  well  as  most  previous  lots,  were 
cast  from  450-lb  batches. 
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6.  Production  Motor  Processing 
a.  Inert  Chamber  Processing 

(1)  Forward  Insulator  and  Chamber  Preparation 

Forward  insulators  and  chambers  are  injected  into 
the  manufacturing  process  in  group  quantities  consistent  with  the  required 
weekly  production  rate.  Processing  of  the  units  will  coifjnence  with  solvent 
cleaning  of  the  parts.  After  cleaning,  the  chambers  are  set  aside  to  await 
insulating  and  the  forward  insulators  are  moved  into  the  processing  area  for 
release  application. 


The  release  system,  consisting  of  a  primer  coat¬ 
ing  and  a  silastic  rubber,  is  manually  applied  to  the  forward  insulators. 

In  the  first  step  of  the  operation,  the  insulators  are  masked  on  the  aft 
interior  surface  to  ensure  dimensional  control  of  the  primer  and  release 
application.  Following  this,  the  primer  is  applied  by  brush  to  the  interior 
surface  of  the  insulator  and  allowed  to  air-dry.  After  the  primer  has 
dried,  the  silastic  rubber  release  material  Is  mixed  and  applied  by  brush 
or  wiper  methods.  (Both  methods  have  .been  used  successfully;  therefore  the 
method  is  left  optional  to  the  processor.)  The  release  material  is  allowed 
to  cure  at  room  temperature  conditions  after  application  for  a  minimum  period 
of  4  hr.  Following  this,  the  masking  is  removed  and  the  insulator  is  force- 
dried  at  approximately  180°F  for  a  period  of  6  hr.  The  released  insulators 
are  then  moved  to  the  chamber  insulation  area. 
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(2)  Chamber  Insulating 

Prior  to  installation  of  the  forward  insulators 
into  the  chambers,  the  insulators  are  pre-lined  for  convenience  and  for  better 
control  of  the  liner  coating  quality.  In  this  operation,  IBS  105-3  liner  is 
mixed  from  kitted  components  and  applied  to  the  interior  surface  of  the  insu¬ 
lators  by  either  a  brush  or  wiper  method  (again,  optional  to  the  processor). 
Following  this,  the  liner  is  cured  for  approximately  1  hr  and  then  visually 
inspected  for  continuity.  Any  noted  discontinuities  in  the  coating  are  re¬ 
paired  at  this  time.  After  inspection  and  repair  as  required,  the  liner  cure 
cycle  is  completed.  The  insulators  are  then  returned  to  the  chamber  insulat¬ 
ing  area  for  installation  into  the  chambers.  Serialization  of  the  chambers  is 
performed  concurrent  with  forward  insulator  preparation. 

IBS  105-3  liner  is  used  for  bonding  the  forward 
insulators  into  the  chambers.  After  the  liner  is  mixed,  it  is  dispensed  in 
a  controlled  quantity  onto  the  forward  face  of  each  insulator.  The  insulators 
are  then  placed  on  an  installation  tool  and  inserted  into  the  chambers.  A 
hand  press  is  utilized  to  seat  each  insulator  against  the  forward  head  while, 
at  the  same  time,  the  installation  tool  is  used  to  form  a  feather  edge  of  any 
excess  liner  material  extruded  from  around  the  insulator. 

After  installation  of  the  forward  insulators, 
masking  is  applied  to  the  aft  chamber  sidewall  for  dimensional  control  of  the 
aft  insulation  which  is  sprayed  in  place.  Upon  completion  of  the  masking 
operation,  the  chambers  are  moved  to  the  liner  and  insulation  spray  fixture. 
Here,  IBS  105-AX  insulation  is  mixed  in  kitted  ratios,  pumped  to  the  spray 
head,  and  centrifugally  sprayed  onto  the  aft  chamber  sidewall.  The  spray- 
head  movement  rate  in  the  chamber  is  controlled  to  result  in  an  insulation 
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build-up  meeting  the  print  requirements.  After  a  135°F  cure  cycle,  the  insu¬ 
lation  is  manually  trimmed  to  length  and  the  masking  is  removed.  Following 
this,  the  insulated  chambers  are  inspected  for  conformance  to  print. 

(3)  Chamber  Lining 

After  inspection  of  the  insulated  chambers,  IBS 
105-3  liner  is  mixed  and  a  thin  coating  is  manually  applied  by  brush  to  the 
forward  insulators.  This  operation  ensures  a  fresh  liner  coat  on  the  pre¬ 
lined  insulators  to  ensure  good  bonding.  Concurrently,  the  spray  fixture  is 
calibrated  and  additional  liner  is  mixed  for  the  sidewall  liner  application. 
Liner  is  then  applied  to  the  chamber  sidewall  by  use  of  a  spray  fixture  which 
incorporates  a  centrifugal  type  spray  head.  In  operation,  the  spray  head 
traverses  the  length  of  the  chamber  on  a  p re- determined,  semi-automatic  cycle. 

Concurrent  with  application  of  the  sidewall  liner, 
liner  is  manually  applied  by  brush  to  release  coat  the  aft  liner  molding  plugs. 
The  plugs  are  installed  in  the  chambers  after  the  sidewall  liner  is  applied. 
Upon  installation  in  the  chamber,  the  lined  plugs  complete  the  formation  of 
the  liner  aft  Y  configuration  required  by  the  chamber  and  grain  assembly 
drawing.  The  plugs  also  serve  to  center  the  core  during  propellant  v-ure. 

Groups  of  48  or  more  chambers  are  moved  in.;o  a  135°F  cure  oven  for  approxi¬ 
mately  18  hr  cure  after  plug  installation.  Following  this,  the  chambers 
are  sealed  in  drums  and  shipped  to  the  propellant  casting  area  for  storage 
prior  to  propellant  casting. 
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b.  Propellant  Grain  Processing 
(1)  Propellant  Preparation 

Propellant  processing  for  the  Improved  2.75-in. 
motor  is  performed  in  three  major  steps:  fuel  preparation,  oxidizer  prepara¬ 
tion,  and  propellant  mixing.  In  the  fuel  preparation  operation,  a  premix  fuel 
and  a  final  fuel  are  made.  The  premix  is  prepared  by  dispensing,  weighing, 
and  blending  all  of  the  liquid  and  solid  ingredients  in  the  propellant  formu¬ 
lation,  except  for  the  oxidizer  and  cure  chemicals.  Final  fuel  is  prepared 
by  dispensing,  weighing,  and  blending  the  cure  chemicals.  Oxidizer  prepara¬ 
tion  operations  include  the  dispensing,  grinding,  and  weighing  of  one  portion 
of  the  oxidizer  required  for  the  batch  and  dispensing  and  weighing  of  a  second 
unground  portion  which  is  used  "as  received". 

After  the  fuel  and  oxidizer  have  been  prepared, 
they  are  transported  to  a  vertical  batch  mixer.  Here,  the  oxidizer  is  mixed 
into  the  premix  fuel  in  the  first  mixing  step.  Following  this,  the  final  fuel 
is  added  to  the  mix.  A  final  vacuum  mixing  cycle  completes  the  mixing  process, 
after  which  the  mix  bowl  with  the  propellant  is  removed  and  transported  to  the 
casting  area. 


(2)  Propellant  Casting 

The  casting  equipment,  consisting  of  propellant 
transfer  piping,  valves,  cast  heads,  and  volumetric  displacement  pumps,  is 
assembled,  inspected  and  operated  prior  to  receiving  propellant.  When  the 
propellant  in  the  mixing  bowl  is  delivered  to  the  casting  building,  the 
mix  bowl  is  positioned  on  a  support  stand  and  connected  to  the  pre-assembled 
piping.  The  chamber  casting  operation  is  then  started. 
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The  casting  operation  is  performed  in  five  steps: 
first,  the  lined  chamber  is  inserted  into  a  casting  head  outlet  on  the  cast¬ 
ing  fixture;  second,  a  vacuum  is  drawn  in  the  chamber;  third,  a  measured 
volume  of  propellant  is  cast  into  the  chamber  at  a  controlled  rate;  fourth, 
the  chamber  vacuum  is  released;  and  fifth,  the  cast  chamber  is  removed  from 
the  cast  head.  During  the  vacuum  release  and  chamber  removal,  the  displace¬ 
ment  pump  re-fills  for  the  next  casting  cycle. 

(3)  Core  Displacement 

After  casting,  the  chamber  is  moved  to  the  core 
displacement  fixture.  Here,  release-coated  cores  are  inserted  into  the  cast 
chamber  displacing  the  propellant  to  form  the  grain  bore  configuration.  The 
forward  end  of  the  core  centers  in  the  forward  insulator,  the  aft  end  centers 
in  the  aft  liner  molding  plug  which  was  installed  during  the  lining  operations 
The  chamber,  grain,  and  core  assemblies  (or  cored  units)  are  placed  in  cure/ 
handling  crates  after  completion  of  the  core  displacement  operations. 

(4)  Propellant  Cure 

When  a  cure  crate  has  been  filled  with  cored  units 
it  is  moved  into  a  +110°F  cure  oven  for  a  minimum  period  of  5  days.  During 
this  time,  the  propellant  polymerizes  (or  cures).  After  the  propellant  has 
cured  to  a  minimum  Shore  A  hardness  of  30,  as  measured  on  a  sample  cast  and 
cured  with  the  chambers,  the  chambers  are  moved  to  the  core-stripping  area. 
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(5)  Core  Stripping 

Core  stripping  is  performed  by  pulling  the  core 
from  the  grain.  The  operation  is  currently  performed  in  the  core  displace¬ 
ment  fixture  since  the  stripping  operation  is  just  a  reverse  of  the  dis¬ 
placement  operation.  After  the  core  is  stripped  from  the  grain,  the  aft 
liner  plug  is  manually  removed.  The  plugs  and  cores  are  then  delivered  to 
a  cleaning  and  release  application  area  for  re-processing,  and  the  chambers 
are  delivered  to  the  propellant  grain  trimming  area. 

(6)  Propellant  Trim 

The  chamber  and  grain  assembly  is  secured  in  a 
holding  fixture  for  the  propellant  trimming  operation.  The  aft  bore  of  the 
grain  is  manually  trimmed  to  the  drawing  configuration  by  use  of  a  shaped- 
blade  cutter.  Following  this  trim,  the  liner  is  cut  against  the  forward 
insulator  in  the  bore  area  by  use  of  an  extended  tubular  cutter  blade. 

Removal  of  the  liner  from  the  released  insulator  completes  the  trim  operation. 
Trimming  chips  and  dusts  are  then  vacuumed  from  the  grain,  a  cover  is  placed 
on  the  chamber,  and  the  chamber  is  placed  in  a  handling  crate.  Filled 
crates  are  then  moved  to  the  radiographic  inspection  area. 

(7)  Radiographic  Inspection 

Radiographic  inspection  is  performed  on  all  units 
of  total  quantity  of  1000  or  less  produced  at  rates  of  less  than  600  units  per 
month,  as  has  been  the  practice.  This  inspection  is  performed  with  an  exist¬ 
ing  150  KV  X-ray  machine.  Two  radiographs,  each  obtained  90  degrees  from  the 
other,  of  each  grain  are  obtained.  Discrepant  units  are  marked  for  culling 
at  the  assembly  area. 
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After  the  non-destructive  inspection  operations 
are  completed,  the  chamber  and  grain  assemblies  are  returned  to  the  assembly 
area.  Here,  any  discrepant  units  are  removed  from  the  group,  packaged,  and 
delivered  to  a  disposal  area.  The  accepted  units  are  stored  as  required  to 
await  assembly  operations. 

c.  Motor  Assembly  Operations 

(1)  Bore  Restriction 

Liner  material,  IBS  105-3,  is  utilized  for  bore 
restriction.  After  mixing  the  material  in  kitted  ratios,  it  is  manually 
applied  by  use  of  a  special  brush.  The  brush  handle  includes  a  stop  for 
control  of  the  depth  of  the  restriction  in  the  bore. 

(2)  Closure-Igniter  Assembly  Installation 

After  the  bore  restriction  material  is  applied, 
IBS-105-4X  insulation  material  is  prepared  for  potting  the  closure-chamber 
joint.  The  mixed  material  is  dispensed  into  the  Y  groove  formed  by  the 
liner  molding  plug.  Following  this,  the  closure-igniter  assembly  is  removed 
from  its  handling  container,  fitted  with  an  0-ring  seal,  and  then  inserted 
in  the  chamber.  A  lubricated  lockwire  is  drawn  in  position  by  rotation  of 
the  closure  with  a  special  wrench. 

The  motors  are  placed  in  a  handling  container 
after  assembly  for  transportation  to  a  cure  oven.  Here,  the  potting  and  bore 
restriction  materials  are  cured  at  135'*F  for  approximately  40  hr.  When  the 
cure  cycle  is  completed,  the  motors  are  delivered  to  the  radiographic  inspec¬ 
tion  area  for  inspection  of  the  joint  integrity.  After  this  inspection  they 
are  returned  to  the  assembly  facility  for  final  processing. 
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(3)  Final  Processing 

Final  processing  operations  consist  of  the  instal¬ 
lation  of  weather  seals,  chamber  painting  as  required,  application  of  ordnance 
marking,  and  application  of  identification  stencils.  After  these  operations 
are  completed,  the  motors  are  inserted  in  shipping  tubes  and  packaged  six 
units  to  a  box.  The  boxed  units  are  then  moved  to  a  storage  area  or,  as 
applicable,  to  the  shipping  area  where  they  are  palletized  and  shipped  to 
the  customer. 


d.  Igniter-Closure  Assembly  Operations 
(1)  Closure  Hardware  Installation 

Igniter-closure  assembly  operations  commence  with 
the  assembly  of  ground  clip,  piston,  and  fin  details  onto  the  integrally 
molded  closure.  The  closure  and  parts  are  solvent  cleaned  as  the  first  step 
in  the  operation.  Following  this,  the  igniter  circuit  ground  clip  is  installed 
on  the  closure  center  post  and  then  soldered  in  place.  After  the  ground  clip 
is  installed,  a  lubricated  O-ring  is  installed  onto  the  piston,  the  piston  is 
inserted  into  the  closure  post,  and  the  cushioning  O-ring,  cross  head,  and  nut 
details  are  secured  on  the  piston  aft  end.  Upon  completion  of  piston  instal¬ 
lation,  the  fins  are  heated  to  facilitate  installation  of  the  hinge  pins.  The 
heated  fins  are  positioned,  one-at-a-time  in  the  closure  lugs  and  the  hinge 
pins  are  pressed  in  place.  After  the  fins  are  installed  and  inspected  as 
required,  the  fin  retainer-wire  assembly  is  crimped  to  the  piston  wire  and 
the  crimp  joint  is  insulated.  The  fins  are  then  closed  and  the  retainer  in¬ 
stalled.  Following  these  assembly  operations,  a  release  primer  and  silastic 
release  are  manually  applied  by  brush  to  the  closure  insulator  area  which 
contacts  the  aft  grain  area  in  the  chamber.  The  completed  subassemblies 
are  then  moved  to  the  igniter  fabrication  and  installation  area. 
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(2)  Initiator  Fabrication 


Initiator  details  for  the  igniter  assembly  are 
fabricated  concurrently  with  aft  closure  preparation.  The  operation  consists 
of  installing  an  adhesive  coated  Mylar  disc  onto  a  section  of  tubular  foam 
material,  loading  of  the  resultant  cup  with  a  measured  quantity  of  BPN  powder, 
and  sealing  the  powder  in  the  cup  by  a  second  adhesive-coated  Mylar  disk. 

The  completed  parts  are  stored  in  the  igniter  assembly  area  prior  to  igniter 
assembly. 


(3)  Igniter-Closure 

The  igniter  is  assembled  from  its  parts  onto  the 
closure.  In  the  first  step  of  the  operation,  adhesive  is  prepared  for  the 
bonding  operations.  Following  this,  the  squib  is  installed  in  the  cap  insu¬ 
lator  and  the  cap  insulator  is  installed  in  the  closure.  The  squib  wires, 
piston  lead  wire,  and  ground  wires  are  then  cut  to  length,  connected,  and  a 
crimp  connector  is  installed  on  each  lead.  After  the  connections  are  com¬ 
pleted,  a  continuity  test  is  performed  and  the  shunt  wire  is  installed  on 
the  closure  to  short-circuit  the  squib.  The  igniter  chamber  is  then  in¬ 
stalled  on  the  insulator  cap.  Loading  of  the  igniter  chamber  with  the  initi¬ 
ator  and  BPN  pellet  charges  and  installation  of  the  foam  end-plug  completes 
the  igniter  fabrication,  except  for  adhesive  cure.  The  closures  are  in¬ 
stalled  in  an  alignment  fixture  for  the  cure  operation.  Cure  is  accomplished 
at  approximately  +160 °F  for  a  period  of  4  hr.  After  cure,  the  closure-igniter 
assemblies  are  packaged  in  handling  containers  for  transport  to  the  motor 
assembly  area. 
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III.  CONCLUSIONS  AND  RECOMMENDATIONS 


A.  The  improved  2.75-in.  FFAR  rocket  is  ready  for  production,  as 
demonstrated  by  the  successful  completion  of  the  Preliminary  Flight  Rating 
Tests. 


B.  Performance  dispersion,  and  reliability  requirements  of  the  con¬ 
tract  have  been  met  or  exceeded. 

C.  The  propellant  tailored  for  this  application  provides  the  requisite 
mechanical  and  ballistic  characteristics,  explosive  hazard  classification, 
aging  stability  and  resistance  to  environmental  conditions  over  the  required 
temperature  range  of  -65  to  +150 °F. 

D.  For  added  reliability  the  nozzle  exit  cone  sleeve  will  be  secured 
to  the  aft  closure  plate  for  improved  strength  and  insulation  fiber  orienta¬ 
tion  control. 

E.  To  accommodate  automated  assembly,  the  dimensions  of  the  insu¬ 
lation  joint  at  the  aft  end  of  the  chamber  should  be  modified.  At  present, 
potting  is  applied  to  this  joint  by  hand  as  part  of  the  assembly  of  the  aft 
closure  to  the  chamber. 

F.  To  reduce  the  size  of  the  ignition  spike,  while  retaining  the 
rapid  ignition  response  of  the  motor,  the  thickness  of  the  bore  restriction 
should  be  modified. 

G.  To  provide  improved  processing  capability,  the  chamber  insula¬ 
tion  and  lining  should  be  combined  into  a  single  system. 

H.  The  chamber  forward  release  system  shou’ i  be  simplified  in  order 
to  reduce  the  handling  and  cure  cycle  processing  time. 
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